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ABSTRACT
Increases in nutrient and sediment inputs from human activity have the potential 
to dramatically alter light availability and primary production within shallow estuarine 
systems, which in turn has the potential to impact secondary production. Given the 
potential for bivalves to mediate the effects of eutrophication through filtration and the 
commercial and ecological importance of some species, it is important to quantify the 
role these species play in estuarine systems and their potential responses to changing 
watershed loads. These processes have proven difficult to quantify with field studies but 
can be estimated using simulation modeling. We combined targeted field sampling of 
bivalve abundance with bioenergetics modeling to quantify the role of selected species in 
ecosystem processes and to estimate potential indirect effects of nutrient and sediment 
loading to the New River Estuary (NRE), NC. The NRE is a shallow system impacted by 
nutrient and sediment inputs from confined animal feeding operations, sewage treatment 
plants, atmospheric deposition, runoff from the city of Jacksonville and agricultural 
fields, and military activity on the adjacent Marine Corps Base Camp Lejeune (MCBCL). 
Models were adapted to the NRE for a commercially important suspension feeding 
species, Mercenaria mercenaria, and an ecologically important facultative deposit 
feeding species, Macoma balthica. Simulated increases in chlorophyll a and TSS 
resulted in corresponding increases and decreases in hard clam weight, respectively. 
Model structure did not allow for changes in these parameters to be examined specifically 
for Macoma balthica but interannual changes in individual weight showed less variation 
than those for Mercenaria mercenaria, which suggests that responses to watershed loads 
are likely to be species specific. Available food consumed by these target species was 
low and potential carrying capacity calculations show that observed densities are less
than their theoretical maxima. From these model simulations, we conclude that nutrient 
enrichment and suspended sediment do have the potential to impact benthic secondary 
production. However, responses are likely to be species specific and bottom up control 
exerted by Macoma balthica and Mercenaria mercenaria is not as strong in the NRE as 
has been documented for benthic consumers in other estuaries.
INTRODUCTION
Eutrophication of estuarine systems has been recognized as an increasing problem 
in recent decades (Nixon 1995, Cloem 2001, Duarte 2009, Nixon 2009). Eutrophication 
is defined as “an increase in the rate of supply of organic matter to an ecosystem” (Nixon 
1995) though Nixon (2009) clarified some of the finer points in this definition where 
specific changes in organic matter may not necessarily be observed. Eutrophication is 
occurring in aquatic systems worldwide; estuarine systems are important components of 
the aquatic environment as they are highly productive ecosystems that provide habitat for 
commercially and recreationally important species (Houde & Rutherford 1993, Hewitt et 
al. 2009). Eutrophication in estuarine systems is linked to increases in nutrient loading 
from anthropogenic activity such as agriculture, point source pollution from sewage 
treatment plants, atmospheric deposition, and loss of shoreline nutrient buffers (Cloem 
2001, Howarth et al. 2002, Kemp et al. 2005). Thus increases in human activity are 
likely to correspond with evidence of eutrophication in coastal systems.
Increases in nutrient inputs from human activity have the potential to dramatically 
alter primary production within estuarine systems. Nitrogen and phosphorus can both be 
limiting nutrients for primary production in fresh and saltwater systems. However, in 
temperate coastal and estuarine environments nitrogen is most often the limiting nutrient 
(Howarth 1988, Howarth et al. 2002). Multiyear experiments examining the effect of 
inorganic nitrogen inputs on primary production in estuarine mesocosms have shown a 
positive relationship between the two (Nixon et al. 2001). A positive relationship was 
also observed between mean annual chlorophyll a and inorganic nitrogen inputs in these 
same mesocosms.
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Similarly, increases in sediment inputs have the potential to alter primary 
production because of their role in light attenuation. In shallow estuarine environments, 
light attenuation is particularly important because primary production in both the water 
column and sediments contributes to the total primary production for the system (Cloem 
1987, Cloem 1999, McGlathery et al. 2007, Murrell et al. 2009). Light penetration 
through the water column to the benthos is key for benthic primary production to occur. 
In shallow intertidal systems, approximately 30-60% of the variability in benthic 
microalgal production can be explained by changes in irradiance and this benthic 
production can contribute up to 50% of the total autochthonous primary production 
within an estuary (Underwood & Kromkamp 1999). However, the overall quantity of 
carbon production contributed by benthic microalgae can vary depending on the season, 
disturbance within the system, temperature, presence of competing primary producers, 
and other environmental variables (McGlathery et al. 2004). Sediment inputs into an 
estuarine system can increase turbidity and decrease the quantity of light that reaches the 
bottom. As benthic microalgae are key primary producers in shallow estuarine systems, 
this shading can impact the quantity of primary production that occurs at the sediment 
surface. Benthic microalgae can mediate the effects of watershed loading by acting as 
sinks for nitrogen (Cerco & Seitzinger 1997, Cabrita & Brodas 2000, Sundback et al. 
2000, Anderson et al. 2003); however, shading by excessive sediment loading can reduce 
this buffering capacity. Thus light limitation of the benthic layer has the potential to 
change not only the quantity of primary production that occurs within an estuarine system 
but also the ability of the system to buffer nutrient loading.
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Figure 1 Relationship between 14C based primary production and 
commercial fisheries landings in phytoplankton based marine systems. 
From Nixon & Buckley (2002).
A change in the type or 
quantity of estuarine primary 
production can directly affect the 
quantity and quality of energy 
available to secondary producers. 
In theory, this change, if 
dramatic enough, should be 
observable through changes in
the biomass, secondary production, or abundance of specific species or functional groups 
of secondary producers (Heip 1995). Whole system and cross system studies have shown 
positive correlations between both nutrient input and primary production and levels of 
secondary production. Nixon and Buckley (2002) discussed the connection between 
higher trophic levels and changes in primary production as a function of nutrient load,
citing a Scottish sea loch experiment and data 
compiled from plankton based marine 
ecosystems. Within the Scottish sea loch 
experiment conducted during World War II, 
nitrogen based fertilizers were directly applied 
to coastal marine systems and observations of 
increased fish yield were seen within the study 
sites. Additionally, Nixon and Buckley (2002) 
compiled cross system data showing a positive 
correlation between primary production and fish
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Figure 2 Regression o f  annual mean phytoplankton 
production with macrobenthic biomass, as presented 
by Kemp et al. 2005 from work done by Herman et 
al. 1999 and added to by Hagy 2002. Site locations: 1 
= Ythan Estuary, 2 = Grevelingen, 3 =  Oosterschelde, 
4 = Balgzand (1980’s), 5 = Veerse Meer, 6 = Ems 
Estuary (Wadden), 7 = Lynher Estuary, 8 = Long 
Island Sound, 9 = San Francisco Bay, 10 = Balgzand 
(1970s), 11 = Bay o f Fundy, 12 = Westershelde, 13 = 
Ems Estuary (inner), 14 = Columbia Estuary
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landings within multiple study systems (Figure 1). Based on data compiled by Herman et 
al. (1999) and modified by Hagy (2002), Kemp et al. (2005) presented a positive 
correlation between annual phytoplankton production and macrobenthic biomass across a 
range of estuarine systems (Figure 2).
The benthic faunal community plays a key functional role in estuarine systems as 
it provides a link from primary producers to higher trophic levels. For example, Powers 
et al. (2005) discussed the impact of changing water conditions on the diet of Atlantic 
croaker, Micropagonia undulates, an abundant demersal fish in the Neuse River Estuary, 
NC. In this study the benthic infaunal community was sampled along with the diet of 
Atlantic croaker prior to and after hypoxic events. A notable decrease in Macoma 
balthica, the biomass dominant benthic species in the system, was observed after hypoxic 
events along with a distinct shift in croaker diet away from clams to less nutritious 
detrital materials. Understanding the response of the benthic community to changes in 
primary production is critical as these organisms provide a direct ecological link to 
commercially and recreationally important species higher in the food chain.
Though cross and whole system studies have shown a positive correlation 
between nutrient loading or phytoplankton production and macrobenthic secondary 
production, field experiments conducted to corroborate this have proven difficult. Posey 
et al. (2006) discussed changes in benthic infaunal communities in North Carolina 
estuaries in response to nutrient loading. In this field study, cage experiments with 
nutrient enhancement were conducted and, while increases in benthic community 
biomass as a whole were not observed, individual organisms did show either increases or 
decreases in abundance and biomass. The confounding factor in this study was deemed
- 13-
to be the background nutrient load to each study site. Study sites with higher levels of 
background nutrients showed less change in benthic community composition when 
nitrogen was added than those with lower levels of background nutrients. Whether or not 
a positive trend is present between nutrient enrichment and benthic community biomass 
is difficult to determine without being able to exclude external variables.
Field studies characteristically contain uncontrolled environmental variables, such 
as background nutrient levels in the Posey et al. (2006) study, which can make it difficult 
to pinpoint stressors on the benthic community. Mesocosm studies provide an 
opportunity to control some of these external variables. Multiple lab studies have been 
conducted using mesocosms to examine the benthic infaunal response to nutrient loading 
at the Marine Ecosystem Research Laboratory (MERL) at the University of Rhode 
Island. Widbom and Frithsen (1995) studied the response of macro and meiofauna to 
radiolabeled phytodetritus in two mesocosms for a period of 5 months. One mesocosm 
served as a control and the other was spiked once with a mixture of phosphate and 
ammonium. The abundance and biomass of only three macrofaunal species changed 
significantly with the additional food availability in the enriched tank. However, the 
researchers speculated that competition for space may also have been a limiting factor for 
the organisms within the mesocosm tanks. Maughan and Oviatt (1993) examined the 
benthic response to inorganic nutrients and waste water solids for a range of 1, 4, and 8 
times the annual average dissolved inorganic nutrient loading to Narragansett Bay, RI. 
Both total abundance and biomass were generally significantly higher for the most 
abundant species in both sets of enriched treatments. These experiments support the line 
of reasoning that production in benthic fauna will increase along with increases in food
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resources resulting from nutrient additions. However, these increases may be species 
specific and other environmental factors may come into play which may alter what is 
observable in the field. Mesocosm studies provide an alternative to field studies but 
space limitation and predation associated with these confined areas may alter the 
observed outcome of benthic biomass or community abundance.
Simulation Modeling
Studies examining both cross system and whole system trends suggest that
increases in nutrient loading will positively impact secondary production in both benthic 
macrofauna and higher trophic levels. However, as evidenced by both field and 
mesocosm studies, this trend can be difficult to show solely through experimentation. 
Ecosystem simulation models provide an alternative to field experimentation for 
examining the response of consumers to changes in primary producer dominance.
Typically two types of benthic models have been developed for estuarine systems: 
those which predict energy flow through bulk state variables representing deposit and 
suspension feeders, and those which predict energy flow at the individual level for a 
single species. The Chesapeake Bay Program model is one example of an ecosystem 
model which uses deposit and suspension feeder carbon pools to predict secondary 
consumer biomass (US ACE 2000). Kim and Montagna (2009) also constructed a model 
of pooled deposit and suspension feeder carbon for Texas lagoons. The European 
Regional Seas Ecosystem Model also uses pooled suspension and deposit feeder state 
variables to characterize benthic processes (Blackford 1997). In all three of these 
models a large benthic dataset of community biomass was available for model 
calibration.
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Alternatively, individual based bioenergetics models have been developed for 
multiple fish and shellfish species that predict consumption, respiration, egestion, and 
excretion as a function of individual weight and environmental variables (Luo et al. 2001, 
Hofmann et al. 2006, Hartman & Kitchell 2008). These individual based models can be 
parameterized by using the published literature, designing field or lab studies to measure 
parameters, or estimating values from similar species (Hanson et al. 1997). Bioenergetics 
models can be used to project an individual organism’s response to changes in food 
availability, temperature, and other environmental conditions. Since there are no 
comprehensive benthic datasets for the study system—The New River Estuary, NC—to 
create a pooled deposit-suspension feeder model, this project combined targeted field 
sampling with an individual based bioenergetics modeling approach to model the 
dynamics of key benthic bivalves in the study system.
The New River Estuary, NC
The New River Estuary (NRE) in Onslow County, NC is a shallow system
impacted by confined animal feeding operations, sewage treatment plants, atmospheric 
deposition, runoff from the city of Jacksonville and agricultural fields, and military 
activity on the adjacent Marine Corps Base Camp Lejeune (MCBCL) (Appendix I). The 
New River Estuary is considered to be eutrophic and records from 1993-1998 show 
higher levels of chlorophyll a as compared to other estuaries in North Carolina (Mallin et 
al. 2000). Inputs from agriculture and human waste have been particularly important 
sources of nutrients to the NRE. Aside from runoff generated by application of 
fertilizers, the New River watershed is impacted by the large number of hog farms that 
control their waste with holding lagoons. Burkholder et al. (1997) documents one
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instance of a lagoon spill from an adjacent hog farm and describes large algal blooms and 
fish kills associated with this incident. Until 1998, the New River Estuary was also 
heavily impacted by inefficiently treated human waste from sewage treatment plants 
located both in the city of Jacksonville and the MCBCL. Final upgrades to these 
treatment plants were completed in 1998 and Mallin et al. (2005) document significant 
decreases in chlorophyll a and turbidity for the estuary as a whole measured from 1995- 
2002. After these improvements were observed, the North Carolina Division of Marine 
Fisheries was able to reopen waters to shellfishing that were previously closed due to 
high levels of fecal coliform bacteria (Mallin et al. 2005).
The Brush and Anderson labs have an ongoing study in the NRE as part of the 
Department of Defense-funded Defense Coastal/Estuarine Research Program (DCERP). 
The larger DCERP project has multiple components all focused towards the goal of 
understanding the impact of the Marine Corps Base and regional stressors on the New 
River Estuary. The Brush and Anderson labs are examining the role of nutrient input and 
light availability on the contribution of benthic and pelagic primary production to total 
system production in the NRE. The working hypothesis of this project (hereafter termed 
the AE3 project) is that increases in nutrient inputs and decreases in light availability will 
decrease the contribution of benthic primary production in the NRE. To test this 
hypothesis, in situ flux experiments have been conducted quarterly beginning in 2008 and 
continuing through 2009 examining primary production in both the water column and 
sediments from six paired sites within the estuary (Appendix I). These sites were chosen 
in pairs along the salinity gradient at locations that were determined to have relatively 
high and low human impacts. At each of these paired sites, photosynthesis-irradiance
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curves were generated as part of the sampling regime for both the water column and 
sediments, and primary producer biomass (as chlorophyll a), light attenuation, nutrient 
concentrations, sediment grain size, sediment organic content, and sediment bulk density 
were measured. Data collected through this study are being synthesized into an 
ecosystem simulation model of NRE water quality, biogeochemistry, and primary 
producer dynamics to predict the response of the system to natural and anthropogenic 
stressors including nutrient and sediment input.
To extend the AE3 simulation model to include key benthic secondary producers, 
this project combines benthic sampling with measurements of primary producer biomass 
to model the ecosystem role of selected bivalves as well as their response to changes in 
chlorophyll a and sediment concentrations. Ideally a benthic dataset containing 
community biomass would have been available for the NRE such that a pooled 
suspension and deposit feeder model could have been developed and calibrated.
However, literature searches and communication with primary investigators have yielded 
only small or incomplete benthic datasets for the NRE itself. While data exist for benthic 
communities in the nearby Neuse River (Tenore 1972), the types and abundance of 
benthic organisms in an estuary depend on many site-specific factors, such as sediment 
size, salinity, depth, and disturbance level (Linda Schaffner pers. comm.; Ysebaert et al. 
2002). Therefore, using published benthic datasets from the Neuse River to estimate 
parameters for benthic secondary producers in the NRE would have been problematic.
Identifying Target Species
Since a complete dataset of benthic community biomass was unavailable for the
NRE, the most tractable option for modeling secondary producers was through an
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individual, bioenergetics-based approach using representative species. Fortunately, 
bioenergetics models have been developed for some key bivalve species found in the 
NRE (Cardoso et al. 2006, Hoffman et al. 2006). Bivalves are excellent target species as 
they are easily sampled and have contrasting feeding modes (suspension vs. facultative 
deposit) and life histories (long vs. short lived) depending on the species. Suspension 
feeding bivalves were expected to respond differently than facultative deposit feeding 
bivalves to changes in the contribution of benthic versus pelagic primary production. 
Bivalves also play important commercial and ecological roles in coastal systems, 
including the extensive hard clam {Mercenaria mercenaria) fishery in North Carolina 
(NCDMF 2008), the role of small bivalves (e.g. Macoma balthica) as a prey source 
(Powers et al. 2005), and the role of bivalves in filtering the water column (Cloem 2001). 
The hard clam fishery in the NRE is particularly important, accounting for up to 28% of 
the total annual hard clam harvests for the entire state (NCDMF 2008). Total numbers of 
clams harvested from public bottoms during open seasons ranged from 3 million to 
almost 10 million per year from 1994-2005 for the New River alone.
Based on the importance of the NRE to the North Carolina hard clam fishery 
(NCDMF 2008), the key role of Macoma balthica as a prey resource (Powers et al.
2005), analysis of the limited existing benthic datasets for the NRE (Appendix I), 
preliminary sampling, and the availability of published bioenergetics models for these 
two species, Mercenaria mercenaria and Macoma balthica were selected as the target 
species for this project. Mulinia lateralis was also abundant in the existing datasets 
(Appendix I) and in field samples collected as part of this project. No known 
bioenergetics models exist for Mulinia lateralis, although Garton et al. (1984)
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experimentally measured energetic rates that could be used to develop a bioenergetics 
model. If modeling efforts in the NRE continue in the future, Mulinia lateralis would be 
an excellent candidate for consideration as a third target species.
Ecology o f Target Species
Understanding the life history and growth pattern of the target species is
important for modeling them in a larger ecosystem context. Mercenaria mercenaria is a 
large suspension feeding bivalve ranging in size from a few millimeters in length to 
almost 70 mm, can survive for 20 years or more, and is a commercially important species 
for both the aquaculture industry and wild harvest (Condon 2005, Harding 2007). The 
current range of hard clams extends along the Eastern seaboard of the United States from 
Canada to Florida and animals can be found living from intertidal to subtidal depths in 
sandy to muddy sand sediments (Kraeuter & Castagna 2001). These clams can be found 
in salinities ranging from 10 psu to 35 psu depending on their geographic location 
(USFWS 1985). Wells (1961) reported hard clams in the Newport River, NC living in 
salinities up to 19 psu, though samples in higher salinities were not taken in this study. 
Recruitment occurs in North Carolina from May through October with the primary pulse 
during the spring (Kraeuter & Castagna 2001 using data of Manzi et al. 1985 and 
Peterson & Fegley 1986). The hard clam is identified as both a commercially and 
recreationally important species for human consumption in the NRE, NC (NCDMF 
2008).
Macoma balthica is a small, facultative deposit and suspension feeding bivalve 
found from the oligohaline to polyhaline regions of estuarine systems of the United States 
and Europe (Holland et al. 1987, Ysebaert et al. 2002). Size and growth rate over time
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for Macoma balthica varies considerably by latitude. Organisms near the southern edge 
of its range tend to be larger and live for a shorter period of time than organisms at higher 
latitudes, which tend to be smaller and can live up to 15 years, though some individuals 
have been recorded as living longer (Elliot & McLusky 1985, Nichols & Thompson 
1982, Gilbert 1973). Animals living in the Neuse River and Pamlico Sound, just north of 
the New River Estuary, have been recorded as living up to 8 years and ranging in 
maximum size from 25-35 mm (Kamermans et al. 1999). Macoma balthica can bury up 
to 30 cm into sediment and inhabits both muddy and sandy bottom sites, though tends to 
be found in higher densities in muddy habitats (Hines & Comtois 1985, Holland et al. 
1987). Shaw (1965) observed both a spring and fall recruitment for these individuals in 
the Tred Avon River, MD with the spring being the stronger of the two periods; however, 
Tenore (1972) did not observe this dual spawning pattern in the Pamlico River Estuary, 
NC though no explanation is offered for this difference. Though this bivalve is not 
harvested commercially, from an ecosystem perspective its generally high abundance and 
biomass makes it a key link from primary producers to fish and crabs that are 
commercially and recreationally important (e.g. Powers 2005).
Provided that modeling efforts in the NRE continue in the future for a third target 
species, Mulinia lateralis is a small, suspension feeding bivalve that can usually be found 
from the surface of the sediment to 5 cm depth (Diaz & Schaffner 1990). Tenore (1972) 
observed it with low frequency in the mesohaline and higher frequency in the polyhaline 
zones of the nearby Pamlico River Estuary, NC. Additionally, he found evidence of adult 
Mulinia lateralis in both sandy and muddy habitats though questioned their permanent 
establishment in either of these habitats because of the frequency of low oxygen events.
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However, it is considered an opportunistic species with a relatively fast reproductive rate 
that enables its survival in these harsher environments. Spawning for Mulinia lateralis 
has been observed from May through November by Shaw (1965) in the Tred Avon River, 
MD though Luckenbach (1984) discusses pulses happening more in early June from his 
study in Debidue Creek, SC. Less published information is available for Mulinia 
lateralis in comparison to either Macoma balthica or Mercenaria mercenaria but its 
apparent high abundance in the NRE based on sampling during this project and its likely 
ecological importance make it a good target species for modeling.
Data quantifying the abundance and size of these target species were collected in 
March, May, July, and October of 2009. These field data were used to develop seasonal 
growth curves which were in turn used to calibrate bioenergetics models. Once 
calibrated, the models were used to simulate changes in individual growth as a function 
of year, food availability, and suspended sediment concentration. Estimated population 
densities were then used to scale up these individual models to predict total food 
consumption for the estuary and potential carrying capacity.
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CHAPTER 1: Quantifying the Ecosystem Role of a Suspension and a Facultative 
Deposit Feeding Bivalve in the New River Estuary, NC, with Responses to Changes
in Nutrient and Sediment Inputs
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INTRODUCTION
Eutrophication of estuarine systems has been recognized as an increasing problem 
in recent decades (Nixon 1995, Cloem 2001, Duarte 2009, Nixon 2009). Eutrophication 
is defined as “an increase in the rate of supply of organic matter to an ecosystem” (Nixon 
1995) though Nixon (2009) subsequently clarified some of the finer points in this 
definition where specific changes in organic matter may not necessarily be observed. 
Eutrophication in estuarine systems is linked to increases in nutrient loading from 
anthropogenic activities such as agriculture, point source pollution from sewage 
treatment plants, atmospheric deposition, and loss of shoreline nutrient buffers (Cloem 
2001, Howarth et al. 2002, Kemp et al. 2005). Increases in nutrient inputs can often 
stimulate increases in primary productivity and phytoplankton biomass, with resultant 
increases in light attenuation (Cloem 1999, Nixon et al. 2001). Increases in sediment 
loading often occur together with nutrient loading and have the potential to alter primary 
production due to the role of suspended sediments in light attenuation. In shallow 
intertidal systems, approximately 30-60% of the variability in benthic microalgal 
production can be explained by changes in irradiance and this benthic production can 
contribute up to 50% of the total autochthonous primary production within an estuary 
(Underwood & Kromkamp 1999). Thus light limitation of the benthic layer has the 
potential to change not only the quantity of primary production that occurs within an 
estuarine system but also the ability of the system to buffer nutrient loading.
It is difficult to make broad generalizations about how the benthos as a whole will 
respond to changes in human induced environmental changes because responses can be 
species and condition specific. Studies examining both cross system and whole system
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trends suggest that increases in nutrient loading will positively impact secondary 
production in both benthic macrofauna and higher trophic levels (Maughan & Oviatt 
1993, Heip 1995, Widbom & Frithsen 1995, Posey et al. 2002, Powers et al. 2005). 
Specifically, Nixon and Buckley (2002) discussed a Scottish sea loch experiment 
conducted during World War II in which nitrogen based fertilizers were directly applied 
to coastal marine systems. Increased fish yield was observed within the study sites. 
Additionally, Nixon and Buckley (2002) compiled cross system data within multiple 
study systems and showed a positive correlation between primary production and fish 
landings. Based on data compiled by Herman et al. (1999) and modified by Hagy (2002), 
Kemp et al. (2005) presented a positive correlation between annual phytoplankton 
production and macrobenthic biomass across a range of estuarine systems. Weiss et al. 
(2002) and Carmichael et al. (2004) also documented an increase in annual hard clam 
growth in response to nutrient induced food increases.
However, field studies do not always show this positive relationship. In a study 
similar to those done by Weiss et al. (2002) and Carmichael et al. (2004), Shriver et al. 
(2002) demonstrated that the response of bay scallops to increased nutrient load was not 
as clear; if the scallops had already reached a maximum level of food intake or if growth 
was negatively impacted by salinity or competition, observed growth patterns were not 
necessarily reflective of nutrient inputs. Posey et al. (2006) conducted a cage experiment 
in the field examining the response of benthic infaunal communities to nutrient loading 
and did not find an overall increase in community biomass. Responses appeared to be 
species specific and the confounding factor was deemed to be the background nutrient 
load to each study site. Study sites with higher levels of background nutrients showed
- 3 0 -
less change in benthic community composition when nitrogen was added than those with 
lower levels of background nutrients. Whether or not a positive trend is present between 
nutrient enrichment and a higher trophic level response is difficult to determine without 
excluding external variables.
In addition to bottom up effects of watershed loads on benthic communities, 
multiple studies have indicated that the benthos have the potential to exert top down 
control on phytoplankton in some systems. Cloem (1982) showed that bivalve filtration 
had the potential to control phytoplankton blooms in South San Francisco Bay. Dame 
(1996) compiled information on the filtration capability of larger bivalve species and the 
residence time of their respective estuaries. This work described bivalve regulation of 
estuarine systems as a function of residence time and clearance rate of individual 
organisms and expanded work done by Smaal and Prins (1993). Grail and Chauvaud 
(2002) highlighted the complexity of benthic responses to nutrient enrichment and 
emphasized the importance of modeling these ecosystems as a method of understanding 
their sensitivity to change.
Simulation models provide an alternative approach to field studies and can be 
used to estimate consumption, respiration, egestion, and excretion as a function of 
individual weight and environmental variables (Luo et al. 2001, Hofmann et al. 2006, 
Hartman & Kitchell 2008). These individual based models can be parameterized by 
collecting values from the published literature, designing field or lab studies to measure 
parameters, or estimating values from similar species (Hanson et al. 1997). Bioenergetics 
models can be used to project an individual organism’s response to changes in food 
availability, temperature, and other environmental conditions. Therefore, this project
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combined targeted field sampling with an individual based bioenergetics modeling 
approach to examine secondary production as a function of the changing nutrient and 
sediment load to an estuary.
The purpose of the present study was to model the ecological role and potential 
eutrophication response of selected benthic infauna in the New River Estuary (NRE), NC. 
The NRE is a shallow estuary with a mean residence time of 64 days (Ensign et al. 2004). 
It is impacted by confined animal feeding operations, sewage treatment plants, 
atmospheric deposition, runoff from the city of Jacksonville and agricultural fields, and 
military activity on the adjacent Marine Corps Base Camp Lejeune (MCBCL) (Figure 1). 
The New River Estuary is considered to be eutrophic with records from 1993-1998 
showing higher levels of chlorophyll a compared to other estuaries in North Carolina 
(Mallin et al. 2000). Inputs from agriculture and human waste have been particularly 
important sources of nutrients to the NRE. Aside from runoff generated by application of 
fertilizers, the New River watershed is impacted by the large number of hog farms that 
control their waste with holding lagoons. Burkholder et al. (1997) documented one 
instance of a lagoon spill from an adjacent hog farm and described large algal blooms and 
fish kills associated with this incident. Until 1998 the New River Estuary was also 
heavily impacted by inefficiently treated human waste from sewage treatment plants 
located both in the city of Jacksonville and the United States Marine Corps Base at Camp 
Lejeune. Final upgrades to these treatment plants were completed in 1998 and Mallin et 
al. (2005) documented significant decreases in chlorophyll a and turbidity for the estuary 
as a whole measured from 1995-2002. After these improvements were observed, the 
North Carolina Division of Marine Fisheries was able to reopen waters that were
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previously closed to shellfishing due to high levels of fecal coliform bacteria (Mallin et 
al. 2005).
Target benthic species were chosen for modeling based on their role as 
commercially and ecologically important organisms. Bivalves are excellent target 
species as they are easily sampled and have contrasting feeding modes (suspension vs. 
facultative deposit) and life histories (long vs. short lived) depending on the species. 
Mercenaria mercenaria is a larger suspension feeding bivalve ranging in size from a few 
millimeters in length to almost 70 mm, can survive up to 40 years or more, and is a 
commercially important species for both the aquaculture industry and wild harvest (Jones 
1989, Condon 2005, Harding 2007). The hard clam is identified as both a commercially 
and recreationally important species for human consumption in the NRE, NC (NCDMF 
2008). Macoma balthica is a small, facultative deposit and suspension feeding bivalve 
that can be found from the oligohaline to polyhaline regions of estuarine systems of the 
United States and Europe (Holland et al. 1987, Ysebaert et al. 2002). Animals living in 
the Neuse River and Pamlico Sound, just north of the NRE, have been reported to live up 
to 8 years and range in maximum size from 25-35 mm (Kamermans et al. 1999). Though 
this bivalve is not harvested commercially, from an ecosystem perspective its generally 
high abundance and biomass make it a key link from primary producers to fish and crabs 
that are commercially and recreationally important (e.g. Powers 2005).
A combined field and modeling effort was used to estimate growth over time for 
individual Mercenaria mercenaria and Macoma balthica. Data quantifying the 
abundance and size of these target species were collected in March, May, July, and 
October of 2009. These field data were used to develop seasonal growth curves which
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were in turn used to calibrate bioenergetics models of the individual species to the NRE. 
Once calibrated, the models were used to simulate changes in individual growth as a 
function of year, food availability, and suspended sediment concentration. Estimated 
population densities were then used to scale up these individual models to predict total 
food consumption for the estuary and potential carrying capacity.
METHODS
Field Methods
To obtain information for calibration of the bioenergetics models, bivalves were 
sampled in the low mesohaline, high mesohaline, and polyhaline regions of the NRE 
(Figure 1). These regions were defined based on long-term (1998-2006) salinity 
measurements collected monthly by the University of North Carolina-Wilmington 
(Mallin et al. 2005). Sample locations were randomly selected within these three regions 
by dividing the shoreline into 100 m increments and randomly selecting a designated 
number of these increments as sampling locations within each salinity zone. The 
shoreline was used to divide the estuary because the available bathymetric data were not 
sufficient to allocate stations by area within a particular depth stratum. Areas for each 
salinity zone are unequal, though perimeters are approximately equal. The total number 
of samples in each zone was initially weighted by area, keeping a minimum sample size 
of 6 stations in each zone; however, limited resources made it impractical to collect the 
full number of samples (9) for the high mesohaline zone if weighted by area. Therefore a 
minimum of 6 samples was maintained for each salinity zone for a total of 18 suction 
samples per trip.
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Samples were taken at 0.5 m water depth directly offshore of the randomized 
shore-based points. This depth is consistent with chlorophyll and nutrient samples taken 
as part of the larger DCERP project. At each sample site, measurements for temperature, 
salinity, dissolved oxygen, turbidity, and water column chlorophyll a were taken at mid 
depth with a YSI 6600 V2 datasonde. Three replicate samples of benthic chlorophyll a in 
the top 3 mm of sediment were also sampled with a 10 mL syringe, frozen, and later 
processed in the lab. Samples were processed using 10 mL of a 90% acetone solution 
followed by 30 seconds of vortexing and sonification each to complete the extraction. 
Samples were extracted for 24 hours in a dark freezer and processed using 
spectrophotometric analysis with a Beckman Coulter DU 800 (Pinckney & Zingmark 
1993). Sediment samples for percent organics from 0-5 cm and 5-10 cm depths and grain 
size from 0-5 cm were also taken in March 2009 to characterize the sites. Grain size was 
measured using a method based on work done by Poppe et al. (2003).
Benthic infauna were collected via suction core following the protocol of 
Brylawski (2008). Samples were taken to approximately 32 cm depth using a suction rig 
within a 37 cm diameter cylinder and a 1 mm mesh. This sampling depth is in keeping 
with Hines & Comtois (1985) who found the majority of Macoma balthica biomass in 30 
cm of sediment or less in both sandy and muddy substrates. A persistent shallow clay 
layer in the NRE often prevents sampling up to 30 cm but generally larger animals are 
not expected to survive far into this layer. The total volume of sediment sieved for each 
suction core sample was approximately 34,000 cm3. Samples were collected in March, 
May, July, and October of 2009. All suction samples were frozen and transported back to 
VIMS. Frozen samples were sorted and bivalves were identified to species. Weight,
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length, and ash free dry weight were recorded for Mercenaria mercenaria and Macoma 
balthica. Shell weight and flesh weight were measured separately for Mercenaria 
mercenaria. These data were used to derive weight-length relationships for both species 
and to determine a seasonal growth trajectory and in situ densities for Macoma balthica.
Suction sampling is known to restrict the maximum possible size collected for 
hard clams and is best used to characterize the abundance of smaller bivalves. Therefore, 
information on hard clam abundance was obtained from the North Carolina Division of 
Marine Fisheries (NCDMF). Recruit samples were also archived and are available for 
future studies. Each sample was taken to 10 cm depth, sieved on a 500 pm sieve and 
preserved in formalin with rose bengal. Field results and background information for 
Mercenaria mercenaria and Macoma balthica are presented in Appendix II and III, 
respectively.
Modeling Methods 
Forcing Data
Physical data collected from the NRE were used to run both the Mercenaria 
mercenaria and Macoma balthica models. Data were generated both from the DCERP 
project (stations given in Appendix I) and field samples taken during March, May, July, 
and October 2009 at all benthic sampling stations (Figure 1). Values forced into the 
models were water temperature, salinity, total suspended solids (TSS), water column 
chlorophyll a and particulate organic carbon (POC), and benthic chlorophyll a and POC. 
Daily temperature, salinity, water column chlorophyll a and POC were interpolated from 
data collected as part of the DCERP program by Paerl et al. (unpublished) and obtained
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from the MARDIS (Monitoring and Research Data Information System) database 
(dcerp.rti.org). Mean benthic POC concentrations were computed using DCERP data 
supplied by the Anderson lab. Daily benthic chlorophyll a was interpolated from data 
collected as part of the DCERP program by Anderson et al. and Brush et al. 
(unpublished) and at all benthic sampling stations as part of this project. For all 
interpolations, if physical data were unavailable past a measured data point, the last 
measured value was applied through the end of the year.
Model Formulations, Mercenaria mercenaria
Hofmann et al.’s (2006) hard clam bioenergetics model for Great South Bay, NY 
was adapted to the NRE. State variables in the model are individual clam weight (W) 
and reproductive tissue (RP).
Individual Clam Weight (W)
The governing equation for individual clam weight (W, mg dry weight) is:
IK - = ( A - R - R P Ly  
dt
where changes in weight over time (t) are functions of assimilation (A), respiration (R), 
and loss to reproduction (RPl)- This state variable includes both somatic and 
reproductive tissues; a separate state variable for reproductive tissue (RP) only is used to 
keep track of reproductive effort and is detailed below.
Assimilation (A)
Assimilation (A, mg dry weight day’1) of energy for the individual clam is a 
function of filtration rate (FR), assimilation efficiency (AE), food availability in the New 
River Estuary (F), and the proportion of algae lost to pseudofeces (P):
A = F R » A E » F » ( \ - P )
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Filtration Rate (FR)
Filtration rate (FR, ml ind'1 day'1) is a function of a maximum daily rate ( F R m a x ) ,  
which is a function of individual length (L, mm) and water temperature (T, °C), modified 
by dimensionless functions ranging from zero to one to adjust for the affects of 
temperature (f(T)), salinity (f(S)), total suspended solids (f(TSS)), and the time spent 
open (topen), which is also dependent on temperature (Figure 2):
FR = f r max (l , t )» f { T ) .  /(s). /(res).  t0pm
Maximum Filtration Rate (FR max(L ,T ))
F R m a x  is computed using the formulation of Doering & Oviatt (1986) converted 
to ml ind’1 day’1:
( f  T 0^.96 A
j-0 .95
f r max(l , t )= rc
2.95
60*24
Length (L)
Hard clam length (L, mm) was computed from dry flesh weight (W, g) using a 
regression based on field measurements (see Appendix II):
L = 60.165
( r yg \ 0337 ^
1000
R 2 = 0.95
n = 55
Temperature Limitation (f(T))
F R m a x  was adjusted for sub-optimal temperatures using Hofmann et al.’s (2006) 
function:
The original Hofmann et al. (2006) equation resulted in excessive growth in simulated 
NRE clams relative to expected values, particularly in colder months, so was modified 
using experimental data from Condon (2005) (Figure 2A). Condon’s work compared in 
situ water temperature and non-negative clearance rate of clams from Cherrystone Inlet, 
VA. Data from Virginia were used as no known information exists on clearance rate of 
hard clams in the NRE.
Salinity Limitation (f(S'))
F R m a x  was adjusted to account for the effect of salinity (S, psu): 
f(s) = MaJt(o -4.302 + 0.4144S' + -8.1027(l0-3 )s2)
This function was modified from the original Hofmann et al. (2006) equation and forces 
all filtration values to range between zero and one (Figure 2B).
Total Suspended Solids (f(TSS))
F R m a x  was adjusted to account for the effect of total suspended solids (TSS, mg
L-‘):
f(T SS)  = IF(TSS > 5)THEn (\ .546 • rSS-0 266 )e LSE{\)
Values for this equation range from zero to one and were fitted to experimental data from 
Bricelj & Mounaf (1984) (Figure 2C, Appendix II).
Time Open ( t 0 p en)
A  formulation for time spent open and feeding ( to pen) was added to the original 
Hofmann et al. (2006) filtration equation to account for changes in time spent feeding as 
a function of temperature. Time open is another unitless joint point function that ranges 
from zero to one (Figure 2D):
t0pe„ =Min(0.006e°6r,0.82)
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At lower temperatures clams spend less time open and feeding than at warmer 
temperatures until a maximum is reached (Loosanoff 1939).
Assimilation Efficiency (AE)
Assimilation efficiency (AE) is a unitless function of weight from zero to one that 
gives the fraction of ingested food assimilated into biomass from Hofmann et al. (2006) 
(Figure 2E):
f  W '0.575
AE = 0.075 + — — 1000
W0.8001 +
1000
The units of weight (W) entering the equation were modified to grams of dry weight.
NRE Food (F)
Hard clams feed on particulate organic carbon from the water column. Forced 
chlorophyll a (Chla, ug I'1) is converted to particulate organic carbon (POC, ug I"1) using 
the following regression:
POC = 533\5Chla + 912.15 
R 2 = 0.65
This relationship was derived from NRE monitoring data collected by Paerl et al.
(unpublished) through the DCERP project and obtained from the online MARDIS
(Monitoring and Research Data Information System) database (dcerp.rti.org). Assuming
that one milligram of dry weight is equal to 0.45 milligrams of particulate organic carbon,
the final equation converting chlorophyll a to food available becomes:
F _ 53.315C/z/fl + 912.15 
1000*1000*0.45
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Algae Lost to Pseudofeces (P)
The final modifying equation for assimilation is the fraction of ingested food lost 
to pseudofeces (P). This is a unitless polynomial equation that uses forced total 
suspended solids (TSS, mg L '1) and was fitted to data presented by Bricelj & Mounaf 
(1984) (Figure 2F, Appendix II):
P = 1.5(l O^lzSS3 +1.7(l0_5) r s s 2 +6.8(lO“4)rSS + 3.8(lO“'8)
R 2 =0.93
Respiration (R)
Respiration (R) is computed as a function of weight (W) and temperature (T):
Conversions are made from uL Oxygen day*1 to mg dry weight individual*1 day*1. These 
conversion factors assume that 1 mole of oxygen is equal to 22.414 liters of oxygen, the 
respiratory quotient (mol CO2 : mol O2) is equal to 1, and that 1 milligram of dry weight 
is equal to 0.45 milligrams of carbon. The value for ar from Hofmann et al. (2006) was 
52.1314; however, for simulations in the New River Estuary, ar was set equal to 200 as it 
yielded output closest to experimental data relating respiration rate and dry weight for 
clams living in Cherrystone Inlet, VA (Condon 2005).
Loss to Reproduction (RPl)
Loss to reproduction (RPl) is set equal to spawning (SP) as detailed below:
RPl = SP
f
R = 24 a. J L _ 1  
1000 J
0.8484
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Reproduction (RP)
The governing equation that keeps track of reproductive tissue (RP) in the model
is:
d R  P = (RPfj - S P -  r s )r p  
such that the proportion of net production input to reproduction (RPg), spawning (SP),
and resorption (RS) determine the change in reproductive tissue (RP) over time (t).
Proportion o f Net Production input to Reproduction (RPg)
The proportion of net production (NP = A-R) that is input to reproduction (RPg)
is proportional to the reproductive efficiency (Reff) of the individual clam. If net
production is less than or equal to zero, no energy is invested in reproduction. Only when
net production in the individual is positive is energy allocated to reproductive investment:
RPa = IF(NP > 0)THEN(Reff .  NP)e LSE(0)
Reproductive Efficiency (Reff)
Reproductive efficiency (Reff) is a unitless equation from zero to one that 
determines the proportion of net production that is input to reproduction. Once 
individuals reach a reproductive length (L n r e )  of 20 mm or greater, reproduction can 
occur:
Reff =IF(Lnre < 20)THEN(0)ELSE(Min(0.9, (Max(0,0.125T - 1.5))))
This equation was modified from Hofmann et al. (2006) and is based on information 
from Eversole (2000).
Spawning Ratio (SR)
The spawning ratio (SR) defines the amount of reproductive tissue (RP) relative 
to total weight (W) required for spawning to occur. For clams under 3 g dry weight, the
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ratio of reproductive material to individual clam weight (RP:W) is 0.2 and as clams get
larger in size, the ratio decreases to 0.08:
SR = Max 0.08,Mm 0.2,0.2-0.015
\ v
Spawning (SP)
Spawning (SP) only occurs when the ratio of reproductive material to individual 
clam weight is greater than or equal to the spawning ratio:
Resorption (RS)
Reproductive tissue is reabsorbed into the somatic tissue below a given 
temperature (T). In this equation, resorption (RS) occurs when temperatures fall below 
15 °C at a rate of 0.145 day'1 as described by Hofmann et al. (2006):
Hofmann et al. (2006) originally set resorption to begin at 12 °C but the value was 
increased to 15 °C for this model to account for temperature differences between Great 
South Bay, NY and the New River Estuary, NC.
Model Calibration, Mercenaria mercenaria
Salinity Zones
The Mercenaria model was calibrated to two regions of the NRE where hard 
clams occur and are subject to harvest, the high mesohaline (HM) and polyhaline (P) 
regions (Figure 1). Additional simulations were also conducted for the region of the 
NRE over which the hard clam fishery operates (NC Harvest Zone; area encompassing 
the HM zone, P zone, and the area in between).
( RP
SP = IF —  <SR THEN(q)ELSE{RP) 
W
RS = IF(T < 1 5)THEN(O.U5RP)ELSE(o)
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Size Classes
Information on size distributions of hard clams in the New River was available 
from the North Carolina Division of Marine Fisheries (NCDMF) Hard Clam 
Management Plan (NCDMF 2008) and field data collected in 2009 (summarized in 
Appendix II). The NCDMF (2008) publishes the width of market size classes collected 
from the fishery, which include Little Necks (25-32 mm), Top Necks (32-41 mm), 
Cherries (41-57 mm), and Chowders (> 57 mm); these four size classes were modeled for 
the NRE. However, it is expected that clams living in areas without fishing pressure 
grow to larger sizes than those reported as chowder clams (pers. comm., Tina Moore, 
NCDMF). Clams collected in 2009 field samples from the NRE only reached up to 89.1 
mm in length, though maximum size collected was limited by sampling gear. The 
maximum size reported by Appleyard & Dealteris (2001) is 140 mm length in 
Narragansett Bay, RI and confirmed by similar specimens collected near Cedar Island, 
VA by Julie Harding (pers. comm.). Therefore, model simulations apply only to size 
classes of clams collected through the NC hard clam fishery.
Expected Growth Rates and Final Sizes
Bioenergetics models require calibration to seasonal or long-term growth 
trajectories, however no datasets are available describing the annual growth trajectory of 
hard clams in the NRE. At a minimum one requires initial and final sizes over the course 
of the year; the former can be estimated from the size classes given above but limited 
information is available to calculate expected final sizes. Some information on hard clam 
growth in North Carolina is published (Chestnut 1957, Peterson et al. 1983, Peterson & 
Beal 1989). Peterson et al. (1983) and Peterson & Beal (1989) give defined values for
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growth over the period of a year for clams that are 30 mm and 60 mm in length but 
neither of which allow a prediction of annual growth for different size classes. Therefore, 
we used the growth patterns reported by Harding (2007) in the York River, VA to 
estimate the expected annual growth over the calibration year. When comparing 
Peterson’s published growth values to expected annual clam growth calculated from 
Harding (2007), these expected growth values for the model are somewhat lower than 
those reported by Peterson (1983, 1989).
Expected annual growth increments were calculated for each size class (little 
neck, top neck, cherry, and chowder). Minimum values for shell width (SW, mm) 
published by the NCDMF (2008) were converted to shell lengths (SL, mm) using the 
equation presented by Harding (2007) for wild clams:
SW = - 2.02 + 0.59SL 
R 2 = 0.85 
n = 2342
All lengths (L, mm) were converted to weights (W, mg) using the equation from NRE 
field measurements taken in 2009 (see above; Appendix II). Length was then converted 
to expected annual growth using two equations from Harding (2007), the first of which 
related length to age and the second related age to expected annual growth. Length (L, 
mm) is therefore related to annual growth increment (AG, mm) by the relationship:
L = - 0.3453AG + 23.323 
The annual growth increment function is limited by the experimental data, which 
only details growth from clams aged 4 months to 16 years. Therefore, the growth 
increment function approaches a minimum when a clam is aged 16 (approximately 67 
mm in length based on Harding 2007 data). Clams were found in NRE field samples up
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to 89.1 mm in length and have been reported to reach 140 mm in length (Appleyard & 
Dealteris 2001, Julie Harding pers. comm.). Data were unavailable on the annual growth 
rate of these larger clams, thus it was assumed that the growth rate for clams at age 16 
years remains constant for older clams. Final expected weights were calculated by 
adding the expected length growth increment to the original length and converting to 
weight using the NRE 2009 weight-length relationship. These final lengths and weights 
served as calibration targets for modeled growth. Calibrations were conducted using 
forcing data from 2009; all model runs were conducted with a time step of 0.25 days.
Model Formulations, Macoma balthica
The dynamic energy budget (DEB) model described by Cardoso et al. (2006), van 
der Veer et al. (2006), and van der Veer et al. (2001) was adapted to the NRE for 
Macoma balthica. The DEB approach uses allometric relationships to describe the 
growth of individual organisms and can be applied to different species by changing 
specific parameters (Kooijman 2000). The adaptation of the DEB model for Macoma 
balthica in the NRE transfers energy between state variables in joules. State variables 
separate energy stored from food into somatic and reproductive compartments. Both 
somatic and reproductive portions of the model are separated into energy used for 
maintaining function and energy used for growth or maturation. Energy used for 
reproduction is a separate state variable that is only active under specified conditions.
Energy storage (Estorage) is the first of seven state variables and has an initial value 
that is equal to the volume specific structural energy content (Ev) multiplied by the initial 
body volume of the individual clam (Vi). An initial body volume is defined specifically
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for each salinity zone simulated in the model. All other state variables begin with an 
initial value of zero for energy content. Energy storage changes over time as a function 
of the assimilation rate (A), the starvation return (SR), and the utilization rate of energy 
(U):
^ ! L  = (A + S R - U)ESlorage 
All stored energy flows into an energy pool (Ep00j) based on the utilization rate (U) of the
individual and is distributed among physiological functions from there. Energy flows out
to four other state variables defined as body maintenance (B M ain), body growth (B crow th),
maturation maintenance (MMain), and maturation and reproduction (MR) using the flow
equations F Main, F Growth, F MMain, and F Mr  respectively:
dE ,
~  F Mam ^G rowth ^M M ain F M R  Pooldt
Body maintenance (BMain) is solely a function of the flow of energy to maintenance
(FMain)*
dB
~  (F M ain
Main   ^
Mamdt
Body Growth (BGrowth) changes over time as a function of the flow to growth (Forow th) 
and, if conditions are met, the starvation return (SR):
dB
~~ {F G row th  S R ) B C
Growth   ^
Growthdt
Maturation maintenance (MMain) changes only as a function of the flow to maintenance
(F MMain) •
dM
~  MMain f\
Main   ^
Maindt
The quantity of energy input into maturation and reproduction (MR) is a function of the 
flow to maturation and reproduction ( F m r ) :
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Annual reproduction (R) is the last state variable in the model and changes as a function 
of the reproductive rate (RRate) and the loss due to spawning (S):
Assimilation Rate (A)
Assimilation rate (A) depends on the season of the year and the conditions of the
Season is used to determine the portion of the year clams are actively consuming
food:
greater than 0.7 there is no assimilation. In the model, this corresponds to the winter 
months of the year as season is a function of time (t, day).
Functional Response (f)
Functional response is a unitless value from zero to one that describes the quantity 
of food available to the clam (Table 1). However, for the NRE the value is equal to one 
because modeled individual growth did not match observed growth for values less than 
one; this assumes food saturation at all times. The model is limited in this capacity
~  = (Rr m ~S)R
dt
individual clam based on the maximum surface area specific assimilation rate ( {pAm}), a
functional response to food (f), and body volume (V):
(
A = IF(Season > 0.l)THEN(o)ELSE {pAm } jV 3
v
Season
January 1 is equivalent to day 1 in the model, so for days when the value for season is
Season = sin I
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because it does not describe what the individual is eating or the actual concentration of 
food that is available, only the degree to which the individual is food limited.
Starvation Return (SR)
Starvation return (SR) allows for energy to be shunted from growth (Forowth) back 
to energy storage if no new food is being assimilated (A). Therefore, the clam does not 
continue to grow under starvation conditions:
SR = IF (A = 0)THEN{FGrowll, )ELSE{0)
Utilization Rate (U)
Utilization rate (U) describes the rate at which stored energy is used for the body 
functions of the individual. This equation was modified back to the original version 
published by van der Veer et al. (2001) from the correction made by Cardoso et al. (2006) 
by removing an additional coefficient for the volume specific costs of maintenance (Eg):
u = — U - ~ ----------
y  , Ea
V EStorage
Utilization rate is a function of the volume specific costs of growth (Eg), maximum 
surface area specific assimilation rate ( {pAm}), body volume (V), maximum storage
density (E m ) , volume specific costs of maintenance ([p M ]), kappa ( a : ) ,  the fraction of 
utilized energy allocated to maintenance plus growth, and energy storage (Estorage)- 
Values are defined in Table 1 and the equations below.
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Body Volume (V)
Body volume (V) is expressed in cubic centimeters (cm3) and is a function of the 
quantity of energy in body growth (Borowth) at a given time, the volume specific costs of 
growth ( E g )  and the initial body volume (Vi):
D
y    Growth _j_ y
~  F 1G
The initial body volume was adjusted based on field measurements from the salinity zone 
being simulated. Values for the low mesohaline and high mesohaline zones are reported 
in Table 1.
Total Length for an Individual (Lrotai)
Total length for an individual is dependent upon body volume (V) and a shape 
parameter (SM , Table 1):
,  ATotal c  
M
Total length is expressed in centimeters and was one of two parameters used to calibrate 
the model to the New River Estuary.
Volume Specific Costs o f Maintenance ([pM V
Volume specific costs of maintenance ([pM] ) are expressed as a function of
• ^  1 temperature (Tcorr) m units of joules per cubic centimeter per day (J cm' d’ ):
[ P m  ] =  247"Corf.
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Temperature Correction (Tcorr)
The temperature correction is formulated using the Arrhenius temperature ( T a , 
K), reference temperature ( T r , °C), and forced temperature values from measured New 
River data (T, °C):
Ta
'^'corr ^
Maximum Surface Area Specific Assimilation Rate ({pAm})
The maximum surface area specific assimilation rate ( {pAm}) is a function of the 
energy loss due to digestion (D, Table 1) and the maximum surface area specific 
ingestion rate ( {jXm }):
Maximum Surface Area Specific Ingestion Rate ( \ f Xm })
The maximum surface area specific ingestion rate ( [jXm}) is a function of the 
temperature correction (Tc0rr)-
{ j  xm}= 43 • 9TCorr
Flow to Maintenance (FMain)
The energy flow to maintenance (FMain) is a function of the body volume (V) and 
the volume specific costs of maintenance ([p M ]):
M^ain = [Pm W
Flow to Growth (Forowth)
The energy flow to growth is dependent on the quantity of energy flowing to 
maintenance (FMain), the utilization rate (U) of energy, and kappa ( k , Table 1):
F = id I -  FGrowth Main
1 ]
273+Tr 273+3"
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Flow to Maturation and Maintenance (FMMain)
The energy flow to maturation and maintenance (FMMain) is the lower of two terms 
defined by kappa ( k  ), the volume at the start of reproductive age (Vp), body volume (V), 
and the volume specific costs of maintenance ( [ j I f  the body volume of the 
individual exceeds the defined volume for the start of reproductive age, the flow is 
dependent on the volume at the start of reproductive age (Vp); otherwise it is dependent 
on current body volume (V):
/
Fmm™ = MIN V P ^ ~ K ) t . i  ™  -  * -) r - n[P«]» IPm 1
K K 
Flow to Maturation and Reproduction (Fmr)
The energy flow to maturation and reproduction ( F m r )  is dependent on kappa
( k  ), the utilization rate of energy (U), and the energy flow to maturation and
maintenance (FMMain)-
Fmr =  ( l  — — -^ M a w
Reproduction
The following sets of equations either control or are dependent on the annual 
reproduction (R) state variable.
Reproduction Rate
Reproduction rate (RRate) is equal to the energy flow to maturation and 
reproduction ( F m r )  and positively controls the annual reproduction (R) state variable:
fi-Rate = Fmr
Spawning
Spawning (S) is dependent on forced temperature (T, °C) in the New River 
Estuary and only occurs over a small range:
S = IF(T > \ 5 ANDT < 15.5)THEN(R)ELSE(o)
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For this model, annual reproduction (R) is arbitrarily set to occur between temperatures 
of 15 °C and 15.5 °C during calibration. Phillipart et al. (2003) discuss a trigger for 
Macoma balthica spawning at 8.3°C (Drent & Luttikhuizen unpublished data). However, 
measured temperatures from the DCERP monitoring program for 2008-2009 do not fall 
below 10 °C. It is unknown if Macoma balthica in the NRE experience lower local 
temperatures that do trigger spawning at 8.3°C or if they have a higher spawning 
temperature than clams discussed by Phillipart et al. (2003), which is likely given the 
relatively low latitude of the NRE relative to the overall range of Macoma balthica. Field 
data suggest that Macoma balthica in the NRE grow from juvenile to adult stages 
(Appendix III); therefore, spawning must occur within some unknown temperature range. 
Clam Weight
Calculations that contribute to the determination of individual M. balthica weight 
are dependent on both the somatic and reproductive tissue. Ash free dry weight of an 
individual was the second parameter used to calibrate the model to the New River 
Estuary. The following equations describe how total ash free dry weight was determined 
in the model.
Eggs
The number of eggs (Eggs) is defined by the quantity of energy in annual 
reproduction (R), egg costs ( E g g c o s t ,  Table 1), and the joules per egg (J egg'1, Table 1):
Eggs = ^ - Eg8r ]
J  Cgg
The value for egg costs is from van der Veer et al. (2001).
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Eggs per Gram o f Wet Weight (Eggs (g WW)'1)
The number of eggs per gram of wet weight (Eggs (g WW)'1) is calculated from 
the diameter of an egg (L d, Table 1) and the specific density (dw) of tissue:
Eggs(g w w y ' = -----
4
— 71
3
1
This calculation assumes that the egg is a sphere (van der Veer et al. 2006, Honkoop et al. 
1999).
Specific Density (dw)
The specific density of Macoma balthica tissue (dw, g c m ') is calculated from the 
density of an individual:
This assumes that the density of an organism is equal to the density of sea water (d). 
Water Density (d)
Density of sea water (d, Kg m ') is calculated based on the International Equation 
of State of Seawater (1980) using forced values of temperature (T, °C) and salinity (S, 
ppt) (Millero & Poisson 1981, UNESCO 1981):
d  = 999.842594 + 6.793952 • 10‘2 T  - 9.095290 • 10 '3 T 2 
+ 1.001685•10-47’3 -1.120083»10-67’4 + 6.536332 •10 '97’5
+ (8.24493«10'1 -4.0899»10'3r  + 7.6438»10-5r 2 -8.2467•10 '7r 3 +5.3875»10'9r 4)s + 
(- 5.72466 •10-3 +1.0227 »10-4 E - 1.6546 •10“67’2)s 1 5 + 4.8314 • 10-4 S 2
( L 'D
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Gonad Wet Weight (WWGonad)
The total wet weight of the gonads (WWoonad) is expressed in grams and 
calculated by dividing the number of eggs (Eggs) by the number of eggs per gram of wet 
weight (Eggs (g WW)'1):
WW = _____________— — _____________
“  E g g s ( g w w y
Total Wet Weight (WWjotai)
The total wet weight (WWiotai, g) of an individual is calculated from the body
volume (V), specific density (dw), and gonad wet weight (WWoonad)-
WWTotal= V .d w + WWGonad 
This represents tissue weight of an individual only and does not include shell weight.
Ash Free Dry Weight (AFDW)
The conversion from total wet weight (WWiotai) to ash free diy weight (AFDW,
g) was based on data collected on Macoma balthica by Brylawski (unpublished data) in
four coves in the York River, VA:
AFDW = 0A39WWTotal 
n = 95
This is the second parameter used to calibrate this model to the New River Estuary. 
Model Calibration, Macoma balthica
The Macoma model was calibrated to two regions of the estuary where clams 
were found during field sampling, the low (LM) and high (HM) mesohaline zones. A 
single size class was modeled as indicated by field results (Appendix III). The model 
was calibrated to measured length and AFDW from field sampling in March, May, July, 
and October 2009. Initial sizes for modeled Macoma balthica were determined through
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calibration. Calibrations were conducted using forcing data from 2009; all model runs 
were conducted with a time step of 0.25 days.
Simulation Analyses
Wet and Dry Years
Following successful calibration under 2009 conditions, changes in individual 
clam weight were simulated for 2008, which was characterized by drought conditions and 
lower concentrations of food for clams (Figure 3). Comparison of the relatively dry 
(2008) and wet (2009) years provided insight into potential interannual variability in clam 
growth and consumption, and the role of meteorological forcing. The percent change in 
final weight was calculated for both years for individual clams in each size category 
based on the equation:
W - W  
% Change = - 1------L •  100%
Wj
Percent o f  Food Consumed
To scale model simulations to the population level within the NRE, reported hard 
clam landings for the NRE from 1994-2005 were averaged to determine the mean annual 
number of clams removed from the system (Appendix II). Reported percentages of total 
landings by size category (little neck, top neck, cherry, chowder, and mixed size 
categories) were used to apportion landings into the four size classes in the model and are 
considered to be a minimum estimate of the population as fishing effort is variable and 
official population estimates are unknown. The total number of clams annually removed 
in each size class was calculated by multiplying the percentage associated with each size 
category by the annual average number of hard clams landed in the New River. While
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certain harvest areas in the NRE are only open every other year and daily fishing 
proclamations regulate catch on a local scale, we used annual average landings for these 
calculations. Values were combined with modeled individual consumption to estimate 
the fraction of total water column chlorophyll a and POC removed by hard clams on a 
daily and annual basis. Daily values were calculated first and annual average values were 
computed from these daily values. This calculation only applies to clams removed by the 
commercial fishery, since data on total abundance in the NRE were unavailable.
To scale model simulations to the NRE for Macoma balthica, densities (ind m‘ ) 
in each salinity zone were interpolated for 365 days based on March, May, July, and 
October 2009 sampling (Appendix III). Densities from March and October 2009 were 
held constant for dates prior to and post sampling respectively. Calculated densities are 
considered to be a minimum estimate of the population. Suction sampling efficiency is 
not expected to differ significantly from sampling with a box core; however, gear 
efficiency for this study was not tested (Seitz et al. 2006). The total quantity of food 
consumed (J cm' day) was calculated as:
Food Consumed = Density • Area • \ j Xm } 
where area (m ) represents the entire area of a given salinity zone and the maximum
surface area specific ingestion rate ( \ j Xm}) corresponds with the same salinity zone and is
specific to the year being simulated. The total quantity of algal biomass consumed was 
converted to mg C day'1 using the equation:
mgC Consumed _ J  V 1 calorie \gdw 0.45gC lOOOmgC
day cm1 day LTotal 4.184.7 3814 calorie 1 gdw 1 gC
The conversion from calories to grams dry weight (gdwchia) is based on the energetic
value of a diatom (Cummins & Wuycheck, 1971). The total quantity of POC consumed
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was computed similarly using a value of 3277 cal g’1 dw for POC based on values in 
Cummins & Wuycheck (1971).
Total population consumption was compared to total available food on both a 
daily and annual basis. Areas and volumes of each estuarine salinity zone were 
calculated in ArcGIS and used to compute the total mass of both water column 
chlorophyll a and POC available for consumption, assuming a C:Chl a ratio of 42 g g '1 
(Cloem et al. 1995, Brush et al. 2002). The total quantity of food consumed by hard 
clams was calculated for each size class each day and summed across size classes to 
obtain a daily quantity consumed. Daily values were then averaged to calculate annual 
values. Since Macoma balthica can both deposit and suspension feed, both the water 
column and benthic food availability (Chi a and POC) were considered when determining 
how much food the population could consume (Olafsson 1986). The same calculation 
was used to determine the quantity of water column food Macoma balthica consumed, 
excepting the separation by size class. This calculation assumes that Macoma balthica 
does not switch food sources during the year and that the quantity of benthic microalgae 
available for consumption is constant regardless of water depth.
Available benthic food (mg C) for Macoma balthica was calculated by 
multiplying the area within each salinity zone by the concentration of either sediment 
POC or sediment chlorophyll a (C:Chl a = 42, Cloem et al. 1995, Brush et al. 2002). 
However, field samples of both Macoma balthica and benthic chlorophyll were taken at 
0.5 m water depth. Only minimal data have been collected on benthic chlorophyll at 
deeper depths in the NRE and no known data are available on the density of Macoma 
balthica at deeper depths, which makes these system-wide scaling calculations uncertain.
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Therefore, calculations were performed for the full area of each salinity zone but also for 
the area less than 1 m in depth to correspond to sampling locations.
Potential Carrying Capacity
Potential carrying capacity was calculated by dividing the total quantity of food 
(mg C) available by the daily individual consumption (mg C). This calculation assumes 
that there are no other organisms in the system competing for food, which is not the case 
in the NRE. For hard clams it also assumes that the proportion of size classes in the 
estuary are constant throughout the year and that the proportion of individuals found in 
each size class is equal to reported catch. A single food source is considered for each 
species for simplicity. An approximate number of individuals removed daily was 
calculated (average annual harvest/365), the proportion of individuals in each size class 
was multiplied by this number, and a daily quantity consumed by an individual of each 
size class was determined. Daily values for potential carrying capacity were calculated 
by dividing daily available food by the quantity of food consumed by an individual. The 
calculation for Macoma balthica does not include this size class separation. The 
maximum potential annual carrying capacity was calculated after daily carrying capacity 
by averaging values computed for potential carrying capacity over the course of the year.
Response to Nutrient & Sediment Loading
Finally, the sensitivity of hard clam growth to changes in parameters directly 
related to watershed nutrient and sediment loading, water column chlorophyll a and TSS, 
was tested by simulating concentrations of these parameters at 50, 100, 200, and 500% of
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measured ambient levels. Initial weights were set to correspond with each size class 
(little neck, top neck, cherry, and chowder) and factors were tested independently of each 
other. Simulations could only be conducted for hard clams since the DEB approach for 
Macoma balthica is not based on mechanistic functions of these variables.
RESULTS
The Mercenaria mercenaria model marginally underpredicted growth for both 
weight and length at the largest (chowder) and smallest sizes (little neck) in both the high 
mesohaline and polyhaline zones (Figure 4). For midrange sized clams (top neck), the 
model predicted closest to expected values. Over the period of a year both weight and 
length showed a net positive increase. Modeled growth patterns for weight showed a 
decrease until mid April and then increase until mid October, when they again decreased 
slightly. Modeled length followed the same pattern since length was empirically related 
to weight, rather than using an independent governing equation for length as in Hofmann 
et al. (2006). While a decrease in length is clearly artificial, the changes are small and 
thus unlikely to impact overall model results.
The Macoma balthica model closely patterned growth in terms of both length and 
ash free dry weight. Predictions in the low mesohaline closely corresponded with 
observed values (R2 > 0.7, Table 2) and fell within standard errors of length 
measurements (Figure 5A). The model did not fall within all standard errors for ash free 
dry weight, running below measured values until April and increasing to values greater 
than the measured mean and standard error by the beginning of October (Figure 5B). The 
drop in weight at the end of the year corresponds with spawning egg release in both the 
low and high mesohaline calibrations. The high mesohaline model calibration did not run
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within a standard error of the smallest length measurements (R2= 0.41, Table 2); 
however, it closely patterned measured values in July and October (Figure 5C). The ash 
free dry weight calibration in the high mesohaline ran through the May data point and 
patterned the shape of the data; however, it was not within measured standard error 
(Figure 5D).
The models predicted a larger percent increase in final weight for hard clams 
during the drought year (2008) in the high mesohaline zone but in the polyhaline and full 
North Carolina harvest areas the wetter year (2009) resulted in the larger percent increase 
in final weight. As clam size increased from little neck to chowder, the quantity of the 
percent change in final weight decreased (Table 3).
Simulation output for hard clam growth under varying quantities of chlorophyll a 
showed the same trend for size classes (Table 4A). As available chlorophyll a was 
increased from 50% to 500%, modeled growth correspondingly increased. There was a 
single instance in the polyhaline region during 2008 where a top neck sized clam showed 
a minimal increase in final weight. Differences in the growth increments between 2008 
and 2009 only show a pattern when separated into salinity zones; higher weight gain in 
the high mesohaline zone occurred in 2008 while higher growth in the polyhaline zone 
occurred during 2009. Growth in the harvest zone was also greater during 2009, except 
for a single instance for chowder clams at 50% normal chlorophyll levels where 2008 
growth was higher.
Simulation output for hard clam growth under varying quantities of TSS revealed 
the opposite pattern from that with chlorophyll a. As total TSS increased from 50% to 
500%, growth increments decreased; higher levels of TSS corresponded with lower levels
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of growth. When TSS levels were at 50% of the observed values, little neck clams 
doubled in size over the course of 2008 and 2009 while top neck clams doubled in size 
during 2009. Again, differences in growth between 2008 and 2009 only showed a pattern 
when separated into salinity zones. Growth in the high mesohaline zone was greater in 
2008, growth in the polyhaline zone was greater in 2009, except when TSS levels were at 
500%, and growth in the harvest zone was similar to that in the polyhaline. The highest 
percent change in final weight was predicted during 2009 except when TSS levels were at 
500% of observed values.
Consumption scaled to the population level indicated that less than 1% of the total 
available food is consumed by the hard clam population fished out by the North Carolina 
fishery on an annual basis (Table 5). Hard clams consumed a larger percent of the total 
available food in the dry year (2008) as compared to the wet year (2009). A larger 
percentage of the total chlorophyll a stock is consumed than for POC. Daily estimates of 
population consumption showed peaks between mid April and mid October (Figure 6), 
which corresponds with the modeled growing season (Figure 4). Little neck sized clams 
consume the largest proportion of available food and chowder clams consume the 
smallest proportion (Table 6, Figure 7). The difference between the proportions of food 
consumed by each size class was marginal between 2008 and 2009. The proportion of 
food consumed is close to the proportion of individuals in each size class within the 
population (Appendix II).
Relative to the number of hard clams removed by the fishery, the annual predicted 
carrying capacity for the system is one to three orders of magnitude greater, depending on 
the year and the food source. In the wet year (2009), the predicted carrying capacity was
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approximately an order of magnitude greater than the dry year (2008). More individuals 
can theoretically be supported by available water column POC than water column 
chlorophyll a. The potential number of individuals supported on a daily basis was fairly 
constant over the period of a year except for a spike in February 2009 (Figure 8).
The percent change in final length for Macoma balthica was slightly higher in 
2009, the wet year (Table 8). The percent change in final ash free dry weight was nearly 
equal between 2008 and 2009 in the low mesohaline zone and only slightly higher in the 
wet year in the high mesohaline zone.
The percent of available food consumed by Macoma balthica in the full area of 
each salinity zone is marginally greater than the percent consumed in areas from 0 to 1 m 
water depth, which is expected as there are more individuals in the full area (Table 9). In 
all cases the annual percent of available food consumed was less than 2% for the estuary 
as a whole with values ranging from 0.01 to 1.61%. These calculations assume that 
measured densities apply at all depths throughout each salinity zone. While variations in 
M. balthica densities with depth are not well constrained, Thompson (1998) estimated 
densities at depth in the nearby Neuse River Estuary, NC, to be approximately an order of 
magnitude greater than the highest estimates based on NRE field sampling in the 
shallows (Appendix III, Figure 5). If similar high densities occur in the NRE at depth, 
values in Table 9 would be increased by up to a factor of ten; the actual amount of food 
consumed is likely somewhere in the middle. Regardless of food source or year, the 
percentage of food consumed is relatively low. Patterns between the drought (2008) and 
wet (2009) year were somewhat variable. Percent consumption of water column food 
sources was always higher than percent consumption of benthic food sources, and percent
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consumed was larger for chlorophyll a than for POC. Daily estimates of consumption 
show peaks for water column food sources and a general increase in the percent food 
consumption during the summer months (Figures 9A, 9B).
Measured Macoma densities were between two and three orders of magnitude less 
than the calculated annual carrying capacity (Table 10, Figure 10). Potential carrying 
capacity was higher during the wet year (2009) than the dry year (2008). Water column 
chlorophyll a was predicted to support the least number of individuals. Benthic POC was 
predicted to support the greatest number of individuals.
DISCUSSION
Overall, model calibration and simulation results show a close relationship to 
expected individual growth patterns for both clam species. Specifically, increases in 
modeled weight of Mercenaria mercenaria correspond with increases in the quantity of 
chlorophyll a available for consumption (Table 4A). Field studies by Carmichael et al. 
(2004) and Weiss et al. (2002) documented an increase in growth of hard clams in 
estuaries impacted by high nitrogen loads, which corresponded with larger quantities of 
food. Changes in weight patterns in the hard clam calibration also reflect the recorded 
spawning season for hard clams in NC (Figure 4), which is reported to be from the 
beginning of May through the end of October (Kraeuter & Castagna 2001, Peterson & 
Fegley 1986, Manzi et al. 1985). However, Ansell (1968) reported growth year round for 
hard clams in NC waters with peak growth during March and October and Peterson et al. 
(1983) reported slowest growth during summer and early fall near Cape Lookout, NC. In
- 6 4 -
this case, there may be other environmental factors influencing growth patterns other than 
just geographical location.
Limitations exist for both the hard clam and Macoma models. The Mercenaria 
model over predicted the percentage increase in final weight at 500% of normal 
chlorophyll levels, as it is biologically unreasonable that a hard clam would quadruple in 
size over the period of a year. Predicted responses for TSS concentrations at 500% of 
current values should also be viewed with caution as the possibility of individual 
mortality is not included in the model. Simulations test changes in chlorophyll and TSS 
levels independently of one another when concentrations in nature may vary 
concurrently. Additionally, the possibility of algae being consumed as a part of 
resuspended sediment is not considered. Length calibration curves for the Mercenaria 
model may also be misleading as clam length does not increase and then decrease over 
the course of a year as predicted by the model. This pattern resulted from our use of a 
direct empirical relationship between length and weight, unlike the decoupled governing 
equations originally used by Hofmann et al. (2006). The Macoma model is limited as it 
is based on allometric relationships and assumes that individuals are food saturated. In 
reality, food concentration may not always be saturating and this assumption does not 
make it possible to test the effect of different concentrations on individual growth. A 
more mechanistic approach to the model structure would enable quantification of effects 
of changes in both chlorophyll a and TSS concentrations.
Model predictions suggest that bivalves more dependent on water column food 
sources are more sensitive to interannual variability in hydrology compared to bivalves 
that can prey switch between benthic and water column food sources. In the NRE, 2008
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was characterized by lower annual freshwater input than 2009 (Figure 2). Model output 
shows very little change in final weight for the deposit and suspension feeding Macoma 
balthica while the final weight predictions for the suspension feeding hard clam 
Mercenaria mercenaria varied considerably between the dry and wet years (Table 8, 
Table 3). Hummel (1985a) reported that Macoma balthica obtain the larger proportion of 
their food from the water column but spend more time deposit feeding. This may lead 
one to expect that these clams would be more strongly affected by changes in the water 
column associated with dry and wet years; however, model formulations do not allow 
changes in food quantity or source to be tested.
Based on the computed fraction of available food consumed by these bivalves, it 
appears that Macoma balthica and Mercenaria mercenaria are not as important in 
filtering the NRE and exerting top-down control on phytoplankton biomass as may be 
expected considering the relatively long residence time, 64 days, and shallow depth of the 
estuary (Ensign et al. 2004). Even if the density of individuals is increased by a factor of 
10 as suggested by the data of Thompson (1998) for Macoma balthica in the Neuse River 
Estuary, consumption is still relatively low. While we are unable to estimate the total 
population of Mercenaria mercenaria in the NRE, even if it is an order of magnitude 
greater than fisheries harvests, percentage of food resources consumed are similarly low 
for hard clams. While suspension feeders have been shown to control phytoplankton 
biomass in some estuaries (Cloem 1982, Dame 1996, Grail & Chauvaud 2002), our 
simulations suggest that this is not the case for the NRE. However, it should be noted 
that only two bivalve species were considered in this study and there are other abundant 
species in the NRE that filter the water column (Appendix I).
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Estimates of potential carrying capacity for both clam species are between one 
and three orders of magnitude greater than known landings or measured values. Alone 
this method of estimating carrying capacity is ecologically inaccurate, as it neglects the 
co-occurrence of other organisms in the system competing for the same food resources. 
Nor is it wise to use this method to make decisions for the fishery as it does not take into 
account fishing effort or gear efficiency. However, from a population standpoint our 
model simulations suggest that there are substantial pressures on both clam populations 
that are depressing the number of individuals present from their theoretical maxima. 
These pressures are expected in nature and include predation, competition, disease, 
disturbance, and in the case of the hard clam population, fishing pressure. If one of these 
factors were to increase dramatically, it is likely that observed measures of population 
density would decrease.
Overall, chlorophyll a and TSS appear to be equally important in determining the 
level of individual change in hard clam weight, excepting the 500% ambient level 
simulation. As discussed before, the general trend appears to show an increase in hard 
clam weight as chlorophyll levels increase and a decrease in clam weight as TSS 
increases which is supported by the results of Weiss et al. (2002) and Carmichael et al. 
(2004). However, increases in individual growth may not necessarily be reflected in 
population simulations as population level calculations are based on total numbers. Since 
the model formulation for Macoma balthica doesn’t allow for changes in food or TSS to 
be tested, comparisons between the two species are not possible. Field studies show that 
Macoma balthica have high rates of survival when experiencing overburden stress from 
sedimentation (Hinchey et al. 2006); therefore, increases in TSS may not have as
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dramatic an impact on Macoma balthica as it does on Mercenaria mercenaria. 
Production in Macoma balthica has been linked to the concentration of water column 
chlorophyll a levels (Hummel 1985b). Therefore it is possible that Macoma balthica in 
the NRE would also show a positive growth response with increases in chlorophyll levels 
but be largely unaffected by changes in TSS. Though we cannot test this with the current 
adaptation of the NRE model, we can conclude that changes are likely to be species 
specific and should be considered with caution when determining the role of nutrient 
enrichment and suspended sediment on benthic secondary production in the estuary.
CONCLUSIONS
The different life history patterns of Macoma balthica, a short lived species, and 
Mercenaria mercenaria, a long lived species documented at 40 years of age (Jones 1989) 
make it challenging to obtain growth data for both target species within a single year. 
Field data collection methods and model structure are both species specific. Therefore, 
each model should be considered on its own merit for the window it provides into 
predictions about ecology, the ecosystem functioning of the NRE itself, and what 
inferences can be made in regards to a commercial food resource. These models 
highlight missing information and can aid in planning more targeted field experiments. 
Making educated decisions about how to effectively manage environmental resources is 
essential in light of the ever increasing human demand on natural systems.
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Figure 1. Benthic stations for 2009 sampling in three salinity zones of the New River 
Estuary, North Carolina. Sampling site MB1 was only sampled in March 2009 and 
replaced with site HM24 for May, July, and October sampling.
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Figure 2. Mechanistic functions in the hard clam bioenergetics model. (A) Temperature 
limitation function is shown plotted over experimental data of Condon (2005) for clams 
in Cherrystone Inlet, VA. Functions of temperature, (B) salinity, (C) TSS, and (D) time 
open modify filtration rate in the model. (E) Assimilation efficiency and (F) algae loss to 
pseudofeces modify the assimilation equation.
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Table 1. Parameter values used in the adaptation of the Cardoso et al. (2006) DEB 
model for Macoma balthica to the New River Estuary, NC.____________________
Parameter Name Units Value Source
Vi Initial Body Volume cm3 LM: 0.63 
HM: 0.03
Test Runs for NRE
Eg Volume Specific Costs 
of Growth
J cm'3 1900 Cardoso et al. (2006)
f Functional Response Unitless 1 Test Runs for NRE
K Kappa Unitless 0.8 Cardoso et al. (2006)
Em Maximum Storage 
Density
Jem’3 2085
2160a
Cardoso et al. (2006) 
van der Veer et al. 
(2006)
T r Reference Temperature °C 20 Cardoso et al. (2006)
Ta Arrhenius Temperature K 5800
5672 +/- 522a
Cardoso et al. (2006) 
van der Veer et al. 
(2006)
D Loss Due to Digestion Unitless 0.25 Cardoso et al. (2006)
V p Volume at the Start of 
Reproductive Age
cm3 0.028 Cardoso et al. (2006)
E g g C o s t Egg Costs Unitless 0.1 van der Veer et al. 
(2001)
j  egg'1 Joules Per Egg J 0.0059
0.006a
Cardoso et al. (2006) 
Honkoop et al. 
(1999)
5 Shape Coefficient Unitless 0.365 Cardoso et al. (2006)
L d Egg Diameter um 107
107.8 ±1.2^
Cardoso et al. (2006)
Honkoop et al. 
(1999)
E v Volume Specific 
Structural Energy 
Content
J cm'3 1350 Cardoso et al. (2006)
a Additional published value not used in the NRE model 
b Assumes that an egg is a sphere with diameter Ld
-71 -
Figure 3. Physical parameters for dry (2008) and wet (2009) years in the New River 
Estuary, North Carolina. Water temperature, salinity, chlorophyll a, particulate organic 
carbon (POC), and total suspended solids (TSS) were collected by Paerl et al. 
(unpublished) as part of the DCERP project. Benthic chlorophyll a was collected by 
Anderson et al. (unpublished) as part of the DCERP AE3 project. River flow is 
calculated from daily values reported by the USGS (waterdata.usgs.gov/nwisT Annual 
precipitation is from the NOAA National Climatic Data Center 
(www.ncdc.noaa.gov/oa/ncdc.html). Error bars represent standard error.
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Figure 4. Mercenaria mercenaria model calibration for the New River Estuary, North 
Carolina. High mesohaline salinity zone (A, B) and polyhaline salinity zone calibration 
(C, D) runs were conducted for length (mm) and weight (mg dry wt) using forcing data 
collected during 2009. Calibration model runs for individual little neck (LN), top neck 
(TN), cherry (CH), and chowder (CHO) sized hard clams are shown as black lines. 
Expected values appear as white circles.
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Figure 5. Macoma balthica calibration for the New River Estuary, North Carolina. Low 
mesohaline (A, B) and high mesohaline (C, D) calibrations were made based on 
measured length (mm) and ash free diy weight (g) from six sample sites in each zone. 
Open circles represent the means of sampled values from March, May, July, and October 
2009. Solid lines show modeled output and error bars represent standard error. 
Calibrations were run using 2009 forcing data. Initial values for body volume in the low
3 3mesohaline and high mesohaline zones were 0.63 cm and 0.03 cm respectively.
<  0.06
_ l  10
200 250 300 3500 50 100 1500 50 100 150 200 250 300 350 Day
Day
D 0.06
0.05
^  0.04
5  0.03
0.02
0.01
00 50 100 150 200 250 300 350 200 250 300 3500 50 100 150
Day Day
- 7 4 -
Table 2. Regression parameters for the equation y = mx + b for Macoma balthica model 
fits. R2 values compare mean values (x) with model values on sample dates (y) in the 
New River Estuary, North Carolina 2009.
Salinity
Zone Measurement m b R2
LM Length (mm) 0.84 3.97 0.96
AFDW (g) 0.68 -0.24 0.73
HM Length (mm) -1.34 0.35 0.41
AFDW (g) 0.71 4.48 0.87
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Table 3. Output from model runs showing the percent change in final weight for an 
individual Mercenaria mercenaria in a drought year (2008) and a wet year (2009). 
Locations modeled include the high mesohaline zone (HM), the polyhaline zone (P), and 
the area open to hard clam fishing (NC Harvest Zone). Simulations were run for little 
neck, top neck, cherry, and chowder sized clams. Initial weights are given in Appendix 
II.
Size Location 2008 2009
Little Neck HM 71.3 28.0
P 0.3 36.5
NC Harvest Zone 73.6 97.0
Top Neck HM 50.8 20.6
P -1.3 24.3
NC Harvest Zone 52.7 72.2
Cherry HM 32.9 10.6
P -6.4 11.0
NC Harvest Zone 32.8 43.5
Chowder HM 5.9 -7.7
P -15.4 -4.3
NC Harvest Zone 7.1 10.3
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Table 4A. Output from model runs showing the percent change in final weight for an 
individual Mercenaria mercenaria when the percent of available chlorophyll a is at 50, 
100, 200, and 500% of measured field values. Simulations were run for a drought year 
(2008) and a wet year (2009) for individual little neck, top neck, cherry, and chowder 
sized clams. Locations modeled include the high mesohaline zone (HM), the polyhaline 
zone (P), and the area open to hard clam fishing (NC Harvest Zone). Initial weights are 
given in Appendix II.
Little Neck Top Neck Cherry Chowder
Location
%of 
Measured 
Chi a 2008 2009 2008 2009 2008 2009 2008 2009
HM 50 35.6 -0.7 26.3 -2.4 13.3 -10.7 -2.9 -23.8
100 71.3 28.0 50.8 20.6 32.9 10.6 5.9 -7.7
200 149.1 98.9 106.9 71.3 67.2 43.4 23.2 11.6
500 496.3 434.6 314.6 281.8 181.4 165.7 75.2 66.4
P 50 -10.0 13.1 -8.9 7.8 -13.0 0.3 -19.7 -11.8
100 0.3 36.5 -1.3 24.3 -6.4 11.0 -15.4 -4.3
200 24.6 96.2 16.9 66.9 5.8 41.8 -7.5 10.1
500 107.7 347.6 80.8 233.6 48.5 139.4 15.0 55.7
NC Harvest Zone 50 43.9 47.7 32.2 32.6 19.0 18.1 -0.6 -0.8
100 73.6 97.0 52.7 72.2 32.8 43.5 7.1 10.3
200 148.0 233.5 104.4 161.1 65.9 96.1 22.0 38.1
500 457.9 853.7 296.5 508.2 172.1 287.4 72.3 120.1
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Table 4B. Output from model runs showing the percent change in final weight for an 
individual Mercenaria mercenaria when the percent of total suspended solids is at 50, 
100, 200, and 500% of measured field values. Simulations were run for a drought year 
(2008) and a wet year (2009) for individual little neck, top neck, cherry, and chowder 
sized clams. Locations modeled include the high mesohaline zone (HM), the polyhaline 
zone (P), and the area open to hard clam fishing (NC Harvest Zone). Initial weights are 
given in Appendix II.
Little Neck Top Neck Cherry Chowder
Location
% of
Measured
TSS 2008 2009 2008 2009 2008 2009 2008 2009
HM 50 91.5 46.8 64.6 34.0 41.1 20.8 11.3 -1.6
100 71.3 28.0 50.8 20.6 32.9 10.6 5.9 -7.7
200 38.7 7.3 31.0 5.5 15.0 -3.0 -1.6 -17.3
500 1.2 -23.2 0.7 -24.6 -5.3 -30.3 -15.2 -40.8
P 50 15.4 66.1 10.6 46.6 4.1 28.8 -10.7 2.1
100 0.3 36.5 -1.3 24.3 -6.4 11.0 -15.4 -4.3
200 -13.1 8.8 -14.5 3.8 -15.3 -1.7 -23.9 -13.6
500 -71.7 -87.8 -67.9 -84.2 -66.1 -80.7 -68.7 -76.8
NC Harvest Zone 50 107.8 149.4 79.3 104.8 50.9 65.0 14.4 21.5
100 73.6 97.0 52.7 72.2 32.8 43.5 7.1 10.3
200 41.2 56.7 29.1 40.8 17.2 24.0 -1.2 1.5
500 -13.6 -32.7 -13.3 -30.3 -17.3 -32.6 -28.0 -37.2
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Table 5. Annual percent of available food that is consumed by hard clams removed by 
the public fishery. Simulations were run for a drought year (2008) and a wet year (2009) 
using available chlorophyll a (Chi a) and particulate organic carbon (POC). Annual 
values were averaged from daily values.
Year Chi a (%) POC (%)
2008 0.60 0.20
2009 0.37 0.15
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Figure 6. Daily percent of available food that is consumed by hard clams removed by 
the public fishery. Simulations were run for a drought year (2008) and a wet year (2009) 
using available chlorophyll a (Chi a) and particulate organic carbon (POC).
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Table 6. Percent of food consumed by size class for the area open to hard clam fishing
(NC Harvest Zone) for 2008 and 2009.
Year
Little
Neck
Top
Neck Cherry Chowder
2008 62.1 30.2 4.1 3.6
2009 62.3 30.1 4.1 3.5
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Figure 7. Proportion of food consumed by size class for the area open to hard clam
fishing (NC Harvest Zone) for 2008 and 2009.
2008 2009
■  Little Neck 
@ Top Neck
□  Cheiry
□  Chowder
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Table 7. Annual average number of individual Mercenaria mercenaria supported in the 
hard clam fishing area. Numbers are based on the total amount of chlorophyll a (Chi a) 
and particulate organic carbon (POC) available. This simulation assumes that there are 
no other organisms in the system competing for food and that the proportion of 
individuals in each size class remains constant for the population throughout the year. 
Annual values represent average daily values.
Year Chi a POC
2008 9.2*10' 3.1*10*
2009 1.2*109 4.1 * 109
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Figure 8. Daily number of individual Mercenaria mercenaria supported in the hard clam 
fishing area. Numbers are based on the total amount of chlorophyll a (Chi a) and 
particulate organic carbon (POC) available. This simulation assumes that there are no 
other organisms in the system competing for food and that the proportion of individuals 
in each size class remains constant for the population throughout the year.
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Table 8. Output from model runs showing the percent change in final weight for an 
individual Macoma balthica in a drought year (2008) and a wet year (2009). Locations 
modeled include the high mesohaline zone (HM) and the low mesohaline zone (LM).
Location Parameter 2008 2009
LM Length (mm) 11.1 11.6
AFDW (g) 40.5 40.0
HM Length (mm) 129.3 132.3
AFDW (g) 1146.5 1164.6
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Table 9. Annual percent of available food consumed by Macoma balthica in the New 
River Estuary, North Carolina. Annual values represent average daily values. Available 
food was estimated for the entire area within the low mesohaline (LM) and high 
mesohaline (HM) salinity zones during 2008 and 2009. Calculations were made over the 
full area of each salinity zone as well as the area less than 1 m in depth, and for four 
potential food sources: benthic chlorophyll a (Chi a), benthic particulate organic carbon 
(POC), water column chlorophyll a (Chi a), and water column particulate organic carbon 
(POC).
Salinity Zone Year
Area of Salinity 
Zone for Density 
Estimation
Food
Source
Carbon
Source
% Consumed 
of Available 
Food
LM 2008 Full Benthic Chi a 0.37
POC 0.04
Water Chla 1.41
POC 0.83
< lm  Water Depth Benthic Chla 0.11
POC 0.01
Water Chla 0.44
POC 0.26
LM 2009 Full Benthic Chla 0.52
POC 0.04
Water Chla 1.00
POC 0.63
< lm  Water Depth Benthic Chla 0.16
POC 0.01
Water Chla 0.31
POC 0.19
HM 2008 Full Benthic Chla 0.46
POC 0.12
Water Chla 1.61
POC 0.73
< lm  Water Depth Benthic Chla 0.12
POC 0.03
Water Chla 0.41
POC 0.19
HM 2009 Full Benthic Chla 0.32
POC 0.13
Water Chla 0.73
POC 0.37
< lm  Water Depth Benthic Chla 0.08
POC 0.03
Chla 0.19
POC 0.09
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Figure 9A. Daily percent of available food consumed by Macoma balthica in the New 
River Estuary, North Carolina. Available food was estimated for the entire area within 
the low mesohaline (LM) and high mesohaline (HM) salinity zones during 2008 and 
2009. The quantity of consumed food was calculated for a population within the area less 
than 1 m in depth for four potential food sources: benthic chlorophyll a (Chi a), benthic 
particulate organic carbon (POC), water column chlorophyll a (Chi a), and water column 
particulate organic carbon (POC).
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Figure 9B. Daily percent of available food consumed by Macoma balthica in the New 
River Estuary, North Carolina. Available food was estimated for the entire area within 
the low mesohaline (LM) and high mesohaline (HM) salinity zones during 2008 and 
2009. The quantity of consumed food was calculated for a population within the full area 
of each salinity zone for four potential food sources: benthic chlorophyll a (Chi a), 
benthic particulate organic carbon (POC), water column chlorophyll a (Chi a), and water 
column particulate organic carbon (POC).
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Table 10. Annual potential carrying capacity for the low and high mesohaline zones 
combined. Annual values represent average daily values. Carrying capacity was 
calculated during 2008 and 2009 for the four different types of food that Macoma 
balthica could be consuming at any given time in the estuary: benthic chlorophyll a, 
benthic POC, water column chlorophyll a, and water column POC. Estimated population 
is an estimate of the total number of individuals in the low and high mesohaline zones 
and was calculated by multiplying the average density of individuals by the respective 
salinity zone areas. The low mesohaline October 2009 density measurement was 
removed from the salinity zone average as the value was considerably lower than the 
others due to a low number of individuals recovered in the sample (n=3, Appendix III).
Water Water
Benthic Column Column Estimated
Year Benthic Chi a POC Chla POC Population
2008 1.2*1012 5.9*1012 3.0*10" 6.5*10" NA
2009 1.4* 1012 6.7* 1012 9.9*10" 2.2* 1012 3.1 *109
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Figure 10. Daily potential carrying capacity for Macoma balthica in the low and high 
mesohaline salinity zones for 2008 and 2009 computed for four potential food sources: 
benthic chlorophyll a, benthic POC, water column chlorophyll a, and water column POC.
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APPENDIX I:
SITE CHARACTERISITICS AND PRELIMINARY BENTHIC DATASETS
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Figure 1. Location of the New River Estuary, North Carolina.
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Figure 2. Benthic chlorophyll a and particulate organic carbon (POC) sampling sites for 
2007-2009 in the New River Estuary, North Carolina. DCERP monitoring data were 
collected by Paerl et al. (unpublished) and were obtained from the online MARDIS 
(Monitoring and Research Data Information System) database (dcerp.rti.org).
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Table 1. Benthic chlorophyll a and particulate organic carbon (POC) sampling sites for 
2007-2009 in the New River Estuary, North Carolina. DCERP monitoring data were 
collected by Paerl et al. (unpublished) and were obtained from the online MARDIS 
(Monitoring and Research Data Information System) database (dcerp.rti.org).
Source ID Latitude (°N) Longitude (°W)
Brush Primary Production 1 34° 43' 26.8" 77° 22' 06.9"
Brush Primary Production 2 3 4 ° 4 3 ' 10.4" 77° 24' 37.9"
Brush Primary Production 3 34° 40' 16.7" 77° 23'56.1"
Brush Primary Production 4 34° 37’ 50.1" 77° 20' 48.0"
Brush Primary Production 5 34° 35' 36.5" 77° 24' 8.4"
Brush Primary Production 6 34° 33' 29.8" 77° 22' 10.1"
AE-3 Jacksonville JAK 3 4 0  4 5 ' 4 .4 " 77° 26’ 7.5"
AE-3 Southwest Creek SWC 34° 41' 1.9" I T  25' 37.7"
AE-3 Wallace Creek WAL 34° 40' 55.3" 77° 21’ 58.1"
AE-3 French Creek FRN 34° 38' 24.1" 77° 20' 17.5"
AE-3 Courthouse Bay CRT 34° 35' 24.3" I T  22’ 6.2"
AE-3 Traps Bay TRP 34° 34' 7.7" I T  20' 13.8"
DCERP AE-CL1 34° 33' 16.6" 77° 21'6.1"
DCERP AE-CL2 3 4 0  3 4 ' 17.4" I T  22' 35.0"
DCERP AE-CL3 34° 35' 43.1" I T  24'41.0"
DCERP AE-CL4 34° 37' 39.7" 77° 22’ 0.5"
DCERP AE-CL5 34° 40' 25.3" 77° 23'20.8"
DCERP AE-CL6 34° 42'3.6" I T  25’ 7.3"
DCERP AE-CL7 34° 43' 14.2" I T  25' 20.3"
DCERP AE-CL8 3 4 0  4 3 ' 7 .7 ” 77° 24’ 14.0"
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Table 2. Location of 2009 benthic sampling sites in the New River Estuary, North 
Carolina. Site MB 1 was sampled only in March 2009 and was replaced by HM 24 for 
May, July, and October 2009.
Salinity Zone ID Latitude Longitude
Low Mesohaline LM 1 34° 43' 26.8" 77° 22' 06.9"
Low Mesohaline LM 2 34° 43' 10.4” 77° 24'37.9”
Low Mesohaline LM 4 34° 43’39.9” 77° 23' 21.9"
Low Mesohaline LM 5 34° 41' 12.7” 77° 25’36.7”
Low Mesohaline LM 6 34° 44' 07.0” 44° 25' 56.3”
Low Mesohaline LM 9 34° 42'41” 77° 25'45.2"
High Mesohaline MB 1 34° 40' 16.7” 77° 23'56.1"
High Mesohaline HM 2 34° 37' 50.1” 77° 20' 48.0”
High Mesohaline HM 4 35° 29' 50.8” 78° 00'37.6”
High Mesohaline HM 5 35° 29’ 07.1” 78° 02' 05.1"
High Mesohaline HM 6 34° 39' 55.1” 77° 21' 28.9”
High Mesohaline HM 10 34° 40' 27.3” 77° 22' 36.2”
High Mesohaline HM 24 34° 39' 08.0” 77° 22' 50.3”
Polyhaline P 3 34° 34' 07.7” 77° 20' 14.5”
Polyhaline P 5 35° 29’ 17.9” 77° 01’43.5”
Polyhaline P 6 34° 34' 57.4” 77° 23'49.2”
Polyhaline P 7 34° 33'29.8” 77° 22' 10.1”
Polyhaline P 9 34° 34’30.0” 77° 21'46.5”
Polyhaline P 10 34° 34' 31.8” 77° 23' 41.1"
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Table 3. Temperature in the New River Estuary, North Carolina 2009. Values in each
salinity zone represent the average of the six benthic sampling sites. Values were
measured using a YSI.
Salinity Zone Month
Average 
Temperature (°C) SE
Low Mesohaline March 14.71 0.24
High Mesohaline March 16.77 0.53
Polyhaline March 16.25 0.70
Low Mesohaline May 25.15 0.14
High Mesohaline May 24.34 0.16
Polyhaline May 21.50 0.75
Low Mesohaline July 29.43 0.19
High Mesohaline July 28.75 0.52
Polyhaline July 29.92 0 . 2 0
Low Mesohaline October 21.43 0 . 2 1
High Mesohaline October 20.48 0.40
Polyhaline October 2 1 . 6 8 0.33
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Table 4. Salinity in the New River Estuary, North Carolina 2009. Values in each
salinity zone represent the average of the six benthic sampling sites. Values were
measured using a YSI.
Salinity Zone Month Salinity (psu) SE
Low Mesohaline March 14.92 0.60
High Mesohaline March 17.37 0.61
Polyhaline March 26.08 1.05
Low Mesohaline May 7.67 0.78
High Mesohaline May 20.51 1.71
Polyhaline May 32.18 1 . 1 2
Low Mesohaline July 1 1 . 8 8 1.96
High Mesohaline July 23.36 0.91
Polyhaline July 32.20 0.39
Low Mesohaline October 13.31 1 . 2 0
High Mesohaline October 17.23 0.46
Polyhaline October 28.44 1.69
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Table 5. Dissolved oxygen (DO) in the New River Estuaiy, North Carolina 2009.
Values in each salinity zone represent the average of the six benthic sampling sites.
Values were measured using a YSI.
Salinity Zone Month DO (mg/L) SE
Low Mesohaline March 10.84 0.98
High Mesohaline March 10.41 0.79
Polyhaline March 9.38 0.35
Low Mesohaline May 7.42 0.50
High Mesohaline May 6.51 0.17
Polyhaline May 6.97 0.37
Low Mesohaline July 6.51 0 . 8 6
High Mesohaline July 9.39 3.37
Polyhaline July 6.84 0.27
Low Mesohaline October 7.55 0.32
High Mesohaline October 6.65 0 . 2 0
Polyhaline October 8.05 0.45
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Table 6. Turbidity in the New River Estuary, North Carolina 2009. Values in each
salinity zone represent the average of the six benthic sampling sites. Values were
measured using a YSI.
Salinity Zone Month Turbidity (NTU) SE
Low Mesohaline March 3.63 0.83
High Mesohaline March 8.54 5.84
Polyhaline March 8.59 1.77
Low Mesohaline May 7.96 1.16
High Mesohaline May 16.42 11.60
Polyhaline May 15.71 4.81
Low Mesohaline July 1 0 . 2 0 0 . 6 6
High Mesohaline July 10.46 1.89
Polyhaline July 16.01 2.55
Low Mesohaline October 7.14 2 . 1 1
High Mesohaline October 1 1 . 2 2 3.30
Polyhaline October 10.46 1.64
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Table 7. Water column chi a in the New River Estuary, North Carolina 2009. Values in
each salinity zone represent the average of the six benthic sampling sites. Values were
measured using a YSI.
Salinity Zone Month Chi a (ug/L) SE
Low Mesohaline March 14.17 1.38
High Mesohaline March 9.88 1 . 6 8
Polyhaline March 7.79 1.78
Low Mesohaline May 24.57 4.11
High Mesohaline May 9.01 0.75
Polyhaline May 6.36 1.23
Low Mesohaline July 16.16 3.20
High Mesohaline July 5.72 0.34
Polyhaline July 6 . 1 0 0.73
Low Mesohaline October 19.43 1.83
High Mesohaline October 8.58 1.05
Polyhaline October 6 . 0 1 0.63
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Figure 3. Benthic chlorophyll a in the upper 3 mm of sediment from the New River 
Estuary, North Carolina 2009. Values in each salinity zone represent the average of the 
six benthic sites. Salinity zones are defined as the low mesohaline (LM), high 
mesohaline (HM), and polyhaline (P) regions of the estuary. Samples were taken in 
triplicate at each site during March, May, July and October 2009. Error bars represent 
standard error. Samples were processed according to the method developed by Pinckney 
& Zingmark (1994).
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Figure 4. Percent organic matter in the 0-5 and 5-10 cm depth fractions of sediment 
from the New River Estuary, North Carolina 2009. Values in each salinity zone represent 
the average of the six benthic sampling sites. Salinity zones are defined as the low 
mesohaline (LM), high mesohaline (HM), and polyhaline (P) regions of the estuary. 
Samples were taken during March 2009. Error bars represent standard error.
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Figure 5. Bulk density in the 0-5 and 5-10 cm depth fractions of sediment from the New 
River Estuary, North Carolina 2009. Values in each salinity zone represent the average 
of the six benthic sampling sites. Salinity zones are defined as the low mesohaline (LM), 
high mesohaline (HM), and polyhaline (P) regions of the estuary. Samples were taken 
during March 2009. Error bars represent standard error.
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Figure 6 . Average grain size in the 0-5 and 5-10 cm depth fractions of sediment from the 
New River Estuary, North Carolina 2009. Values in each salinity zone represent the 
average of the six benthic sampling sites. Salinity zones are defined as the low 
mesohaline (LM), high mesohaline (HM), and polyhaline (P) regions of the estuary. 
Samples were taken during March 2009. Error bars represent standard error. Method 
was based on Poppe et al. (2003).
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Table 8. Estuarine area, volume, average depth (Zavg), and area with depth less than or
equal to 1 m for each region of the estuary used in calculations. Hypsography courtesy of
Mark Brush using NOAA National Geophysical Data Center bathymetry.
Box --------------- 3---Area (m ) Volume (m )^ Zave (m) Area < 1 m (m )
LM 12,259,600 18,446,280 -1.45 3,781,600
HM 21,345,200 38,987,456 -1.83 5,512,400
P
NC Hard Clam
12,792,400 13,735,020 -1.07 5,617,600
Fishing Area 51,644,400 79,407,156 -1.47 16,926,800
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Preliminary Benthic Datasets
To identify target bivalve species to model for this project, two limited benthic 
datasets for the NRE from the City of Jacksonville and the North Carolina Department of 
Environment and Natural Resources (NCDENR) were analyzed along with landings data 
from the North Carolina Division of Marine Fisheries (NCDMF) Fisheries Management 
Plan (NCDMF 2008) for the hard clam Mercenaria mercenaria and preliminary field 
samples collected in July 2008. The NCDENR dataset lists benthic organisms by species 
as abundant, common, or rare at 14 stations. Metadata describing how samples were 
collected were unavailable for this dataset and samples were collected at inconsistent 
intervals between 1983 and 1999. A numeric identifier was assigned to each descriptive 
category (abundant =10, common = 3, and rare = 1 respectively) based on the lowest 
possible number of organisms observed in each group. These numeric identifiers were 
summed across sample dates and totals were used to draw conclusions about the relative 
abundance of bivalve species. For the estuary as a whole, the bivalve Mulinia lateralis 
was the most abundant relative to other benthic invertebrates cataloged in the dataset and 
the hard clam Mercenaria mercenaria ranked in the top 14 (Table 9 below). At sites near 
Snead’s Ferry in the polyhaline region of the estuary Mercenaria mercenaria was the 
most abundant organism relative to other benthic invertebrates and Mulinia lateralis 
ranked in the top 14. At sites near Hadnot Point in the high mesohaline region of the 
estuary, Mulinia lateralis was the third most abundant invertebrate relative to the other 
organisms sampled at that location. The bivalve Macoma balthica was also considered as 
a target species due to its feeding mechanism (facultative deposit) and key role as a prey
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species (Powers et al. 2005); however, it was observed only twice using the numeric 
identifier in the NCDENR dataset.
The City of Jacksonville dataset has greater temporal resolution than the 
NCDENR dataset but no specific species identifications. However, a seasonal signal for 
benthic abundance can be seen from this dataset unlike the NCDENR dataset which 
contains samples taken inconsistently over several years (Fig. 6  below). Samples were 
taken at least three times per year from March 2000-2008 using an Ekman grab along 
transects in four locations around Jacksonville: Mill Creek, Chaney Creek, Fisherman’s 
Wharf, and Wilson Bay. While the appearance of seasonal cycles in this dataset gives an 
idea of the annual dynamics of the benthos, these species were mostly associated with 
fresh and oligohaline waters and are therefore not representative of the NRE as a whole. 
In this dataset a species of Macoma was present consistently in Wilson Bay and appeared 
occasionally around Fisherman’s Wharf. Field samples taken in 2009 from the low 
mesohaline region of the NRE showed the presence of both Macoma balthica and 
Macoma mite he Hi, so it is difficult to draw conclusions about what this unidentified 
Macoma species may actually be.
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Table 9. List of the 14 most abundant benthic infaunal species in the North Carolina 
Department of Environment and Natural Resources (NCDENR) dataset ordered from 
highest to lowest. Locations are within the New River Estuary (NRE).____________
Sneads Ferry 1983-1999 
Polyhaline Zone
Hadnot Point 1994-1999 
High Mesohaline Zone
All NCDENR Data from 
NRE 1983-1999
MERCENARIA
MERCENARIA COROPHIUM LACUSTRE
MULINIA LATERALIS
NEANTHES SUCCINEA CASSIDINIDEA LUNIFRONS NEANTHES SUCCINEA
CALLINECTES SAPIDUS MULINIA LATERALIS GEMMA GEMMA
CREPIDULA FORNICATA POLYDORA LIGNI POLYDORA LIGNI
HIPPOLYTE ZOSTERICOLA MELITA NITIDA POLYDORA SOCIALIS
MITRELLA LUNATA BALANUS IMPROVISUS CALLINECTES SAPIDUS
HIPPOLYTE
PLEURACANTHUS GAMMARUS MUCRONATUS
STREBLOSPIO
BENEDICTI
CHIONE CANCELLATA NEANTHES SUCCINEA
CREPIDULA
FORNICATA
PALAEMONETES
VULGARIS ISCHADIUM RECUR VUM BALANUS IMPROVISUS
ELASMOPUS LEVIS GEUKENSIA DEMISSA
MERCENARIA
MERCENARIA
CLYMENELLA TORQUATA PALAEMONETES PUGIO
HIPPOLYTE
PLEURACANTHUS
BITTIUM VARIUM RHITHROPANOPEUS HARRISII
HIPPOLYTE
ZOSTERICOLA
DIOPATRA CUPREA POLYDORA SOCIALIS COROPHIUM LACUSTRE
MULINIA LATERALIS HARGERIA RAPAX
LEITOSCOLOPLOS
FRAGILIS
Low
High
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Figure 6 . City of Jacksonville, North Carolina benthic data for the New River Estuary 
(NRE). Samples were collected along transects using an Ekman grab beginning in March 
2000- 2008. Seasonal signals of benthic abundance can be observed from these graphs.
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APPENDIX II:
MERCENARIA MERCENARIA BACKGROUND INFORMATION 
AND FIELD SURVEY RESULTS
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Figure 1. Length (mm), width (mm), and thickness (mm) dimensions for Mercenaria 
mercenaria as referred to by their respective sources. From left to right, hard clam 
images were reproduced from Grabau, A.W. A Textbook o f Geology (Boston: D.C. Heath 
& Co., 1920) 310 (http://etc.usf.edu/clipart/62000/62031/62031 clam.htm) and Hagar, 
G.J. The Standard American Encyclopedia (New York: University Society Inc., 
1916)11:36 (http://etc.usf.edu/clipart/32000/32081/bivalve 32081 .htm)
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Figure 2. Commercial hard clam landings (percent of total landings) by waterbody from 
public bottoms, 1994-2005 combined. DMF trip ticket program. Source: North Carolina 
Division of Marine Fisheries (NCDMF) Fisheries Management Plan for the Hard Clam 
(NCDMF 2008), Figure 7.14.
North River/Back Sound
White Oak River
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Figure 3. Number of hard clam landings (number of clams collected) from public and 
private bottoms by year in the state of North Carolina. Points represent estimated total 
landings per year from the New River Estuary, North Carolina. Landing information and 
original figure come from the North Carolina Division of Marine Fisheries Hard Clam 
Management Plan (NCDMF 2008), Figure 7.12.
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Figure 4. Percent of total hard clam annual landings from public bottoms by market 
grade, 1994-2005 combined. A. Mixed grade only. B. All other market grades. Original 
figure comes from the North Carolina Division of Marine Fisheries Hard Clam 
Management Plan (NCDMF 2008), Figure 7.15. Information for these figures comes 
from the Division of Marine Fisheries Trip Ticket Program.
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Table 1. Percent of total hard clam annual landings from public bottoms by market 
grade, 1994-2005 combined. Values were computed from data displayed in Figure 4. 
All reported percentages were totaled to determine a final percent. These percentages 
were then scaled to 1 0 0 % to determine the total percentage consumed.
Year
Little
Neck
(%)
Top
Neck
(%)
Cherry
(%)
Top
Cherry
(%)
Chowder
(%)
Mixed
Landings
(%)
Sum of all 
Landings 
(%)
1994 10.5 9 3 0 . 1 1.5 53 77.1
1995 10.25 8 3 0 . 1 0 . 8 49 71.15
1996 14.8 7.5 2.7 0 . 2 0 . 8 49 75
1997 18 9 2 0 . 1 0.9 48 78
1998 13 6.5 2 0 . 1 0.5 53 75.1
1999 1 1 6.5 2 0 . 1 1 . 1 55 75.7
2 0 0 0 8 4.5 1.5 0 . 1 1 6 6 81.1
2 0 0 1 6 . 8 4.5 1 . 6 0 . 2 2 . 1 69 84.2
2 0 0 2 6 4 1.5 0 . 1 2 . 8 70 84.4
2003 5.5 6 1.5 0 . 1 1.5 74 8 8 . 6
2004 5 7 1.9 0 1 . 2 73 8 8 . 1
2005 7 5.5 1 0 1 . 1 69 83.6
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Figure 5. Distribution of size classes by shell thickness (10 mm bins) for hard clams in 
the unclassified market category. Information comes from commercial fish house 
sampling from 1999-2005 combined. Original figure comes from the North Carolina 
Division of Marine Fisheries Hard Clam Management Plan (NCDMF 2008), Figure 7.16. 
Information for this figure comes from the Division of Marine Fisheries biological 
database.
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Table 2. Hard clam width (or thickness) by size class reported in the North Carolina 
Division of Marine Fisheries Hard Clam Management Plan (NCDMF 2008). The top 
cherry size class was not included in the calibration or simulations as it is considered to 
be the same size as cherry clams.
Size Class
Size Range 
(mm)
Little Neck 25-32
Top Neck 32-41
Cherry 41-57
Top Cherry 41-57
Chowder >57
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Table 3. Percent of hard clams in the unclassified market category by shell thickness (10 
mm bins). Data come from information presented in Figure 5. The bar graph in Figure 5 
for a shell thickness of 50 mm shows a percentage of 3.5%; however, this number was 
rounded down to 3% to make percents sum to 100.
Size Class
Shell
Thickness
(mm) Percent
Little Neck 20 14
Little Neck 30 50
Top Neck 40 33
Cherry 50 3
Chowder 60 0
Chowder 70 0
Chowder 80 0
Sum 100
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Table 4. Total number of hard clam landings (number of clams removed) from public 
bottoms during open seasons. Data comes from the North Carolina Division of Marine 
Fisheries Hard Clam Management Plan (NCDMF 2008), Table 6.2. Values were 
collected through the Division of Marine Fisheries Trip Ticket Program.
Year
Total NC 
Landings
Total New 
River 
Landings
1994 26804776 5387628
1995 25481400 3929740
1996 22770179 4772885
1997 28681669 9197631
1998 27464522 9976425
1999 21736624 6156248
2 0 0 0 27408478 8530483
2 0 0 1 30683194 6540080
2 0 0 2 24631388 8067588
2003 23090574 7476547
2004 23900952 8292245
2005 17624140 7910634
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Table 5. Percent of average total hard clam landings by size class. Information for 
calculation of these numbers comes from Figures 7.15 A&B and 7.16 in the North 
Carolina Division of Marine Fisheries Hard Clam Management Plan (NCDMF 2008).
Little Top
Neck Neck Cherry Chowder
Average
% 6 8 27 3 2
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Figure 6. Length (mm) and dry weight (g) of shell only for hard clams in samples taken
from the New River Estuary, North Carolina 2009. n = 55.
200 
180 
160 
§  140 
£ 120
40
100806040200
Length (mm)
- 127-
Figure 7. Length (mm) and dry weight (g) of flesh only for hard clams in samples taken
from the New River Estuary, North Carolina 2009. n = 55.
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Figure 8. Dry weight (g) and length (mm) in logscale of flesh only for hard clams in
samples taken from the New River Estuary, North Carolina 2009. n = 55.
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Figure 9. Length (mm) and dry weight (g) of shell and flesh combined for hard clams in
samples taken from the New River Estuary, North Carolina 2009. n = 55.
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Table 6. Initial weight (mg dry weight) of hard clam size classes used for model runs.
Initial Weight
Size (mg dry wt)
Little Neck 444.97
Top Neck 881.49
Cherry 1768.88
Chowder 4520.66
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Figure 10. Sediment concentration (mg/L) versus clearance rate (L/h gdw) as presented 
in Figure 2 of Bricelj & Mounaf (1984). Hard clam sizes refer to mean shell length.
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Figure 11. Sediment concentration (mg/L) versus algae loss to pseudofeces (as a % of 
algae filtered) as presented in Figure 3 of Bricelj & Mounaf (1984). Data sets are 
specific to concentrations of algae being fed to experimental clams.
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APPENDIX III:
MACOMA BALTHICA BACKGROUND INFORMATION 
AND FIELD SURVEY RESULTS
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Table 1. Quantity and species of bivalves found in suction samples taken in the New 
River Estuary, North Carolina 2009. Major bivalve taxa observed are listed by salinity 
zone. Totals represent the sum of individuals collected at six sampling sites within each 
salinity zone.
Species
Date
Collected Salinity Zone
Total Number 
for Salinity 
Zone
Gemma gemma 3.19.2009 Low Mesohaline 0
Gemma gemma 3.19.2009 High Mesohaline 508
Gemma gemma 3.19.2009 Polyhaline 168
Gemma gemma 5.11.2009 Low Mesohaline 0
Gemma gemma 5.11.2009 High Mesohaline 496
Gemma gemma 5.11.2009 Polyhaline 126
Gemma gemma 7.28.2009 Low Mesohaline 2
Gemma gemma 7.28.2009 High Mesohaline 2754
Gemma gemma 7.28.2009 Polyhaline 168
Gemma gemma 10.12.2009 Low Mesohaline 0
Gemma gemma 10.12.2009 High Mesohaline 521
Gemma gemma 10.12.2009 Polyhaline 52
Macoma balthica 3.19.2009 Low Mesohaline 39
Macoma balthica 3.19.2009 High Mesohaline 32
Macoma balthica 3.19.2009 Polyhaline 0
Macoma balthica 5.11.2009 Low Mesohaline 42
Macoma balthica 5.11.2009 High Mesohaline 113
Macoma balthica 5.11.2009 Polyhaline 0
Macoma balthica 7.28.2009 Low Mesohaline 35
Macoma balthica 7.28.2009 High Mesohaline 1 0 2
Macoma balthica 7.28.2009 Polyhaline 0
Macoma balthica 10.12.2009 Low Mesohaline 3
Macoma balthica 10.12.2009 High Mesohaline 37
Macoma balthica 10.12.2009 Polyhaline 0
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Species Date Collected Salinity Zone
Total Number 
for Salinity Zone
Macoma mitchelli 3.19.2009 Low Mesohaline 909
Macoma mitchelli 3.19.2009 High Mesohaline 104
Macoma mitchelli 3.19.2009 Polyhaline 7
Macoma mitchelli 5.11.2009 Low Mesohaline 734
Macoma mitchelli 5.11.2009 High Mesohaline 171
Macoma mitchelli 5.11.2009 Polyhaline 7
Macoma mitchelli 7.28.2009 Low Mesohaline 595
Macoma mitchelli 7.28.2009 High Mesohaline 328
Macoma mitchelli 7.28.2009 Polyhaline 2
Macoma mitchelli 10.12.2009 Low Mesohaline 67
Macoma mitchelli 10.12.2009 High Mesohaline 6 6
Macoma mitchelli 10.12.2009 Polyhaline 1
Mercenaria mercenaria 3.19.2009 Low Mesohaline 0
Mercenaria mercenaria 3.19.2009 High Mesohaline 2
Mercenaria mercenaria 3.19.2009 Polyhaline 5
Mercenaria mercenaria 5.11.2009 Low Mesohaline 0
Mercenaria mercenaria 5.11.2009 High Mesohaline 6
Mercenaria mercenaria 5.11.2009 Polyhaline 15
Mercenaria mercenaria 7.28.2009 Low Mesohaline 0
Mercenaria mercenaria 7.28.2009 High Mesohaline 2
Mercenaria mercenaria 7.28.2009 Polyhaline 2 2
Mercenaria mercenaria 10.12.2009 Low Mesohaline 0
Mercenaria mercenaria 10.12.2009 High Mesohaline 1
Mercenaria mercenaria 10.12.2009 Polyhaline 9
Mulinia lateralis 3.19.2009 Low Mesohaline 156
Mulinia lateralis 3.19.2009 High Mesohaline 535
Mulinia lateralis 3.19.2009 Polyhaline 1 0
Mulinia lateralis 5.11.2009 Low Mesohaline 8 8
Mulinia lateralis 5.11.2009 High Mesohaline 497
Mulinia lateralis 5.11.2009 Polyhaline 6
Mulinia lateralis 7.28.2009 Low Mesohaline 2 2
Mulinia lateralis 7.28.2009 High Mesohaline 467
Mulinia lateralis 7.28.2009 Polyhaline 25
Mulinia lateralis 10.12.2009 Low Mesohaline 2
Mulinia lateralis 10.12.2009 High Mesohaline 194
Mulinia lateralis 10.12.2009 Polyhaline 8
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Species Date Collected Salinity Zone
Total Number for 
Salinity Zone
Solemya velum 3.19.2009 Low Mesohaline 0
Solemya velum 3.19.2009 High Mesohaline 0
Solemya velum 3.19.2009 Polyhaline 0
Solemya velum 5.11.2009 Low Mesohaline 0
Solemya velum 5.11.2009 High Mesohaline 0
Solemya velum 5.11.2009 Polyhaline 55
Solemya velum 7.28.2009 Low Mesohaline 0
Solemya velum 7.28.2009 High Mesohaline 0
Solemya velum 7.28.2009 Polyhaline 26
Solemya velum 10.12.2009 Low Mesohaline 0
Solemya velum 10.12.2009 High Mesohaline 0
Solemya velum 10.12.2009 Polyhaline 8
Tagelus plebeius 3.19.2009 Low Mesohaline 0
Tagelus plebeius 3.19.2009 High Mesohaline 1
Tagelus plebeius 3.19.2009 Polyhaline 17
Tagelus plebeius 5.11.2009 Low Mesohaline 0
Tagelus plebeius 5.11.2009 High Mesohaline 5
Tagelus plebeius 5.11.2009 Polyhaline 8
Tagelus plebeius 7.28.2009 Low Mesohaline 0
Tagelus plebeius 7.28.2009 High Mesohaline 1 0
Tagelus plebeius 7.28.2009 Polyhaline 9
Tagelus plebeius 10.12.2009 Low Mesohaline 0
Tagelus plebeius 10.12.2009 High Mesohaline 2
Tagelus plebeius 10.12.2009 Polyhaline 7
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Figure 1. Basis for length measurements of Macoma balthica used in the current study. 
Image obtained from the European Environment Agency.
(http://www.eea.europa.eu/publications/report 2002 0524 154909/regional-seas-around- 
europe/page 141 .htmB
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Figure 2. Frequency of length (mm) measurements recorded for Macoma balthica in 
low and high mesohaline salinity zones in the New River Estuary, North Carolina 2009.
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Table 2. Macoma balthica mean length (mm), dry weight (g, flesh + shell), and ash free
dry weight (AFDW, g) with standard error by salinity zone. Samples were taken in the
New River Estuary, North Carolina during March, May, July, and October 2009.
Date Location
Length
Mean
(mm)
Length
SE
(mm)
Dry
Weight
Mean
(g)
Dry 
Weight 
SE (g)
AFDW
Mean
(g)
AFDW 
SE (g)
March
Low
Mesohaline 23.37778 0.64833 0.63070 0.04103 0.13916 0.01039
March
High
Mesohaline 4.21250 0.23268 0.00477 0.00057 0.00089 0.00015
May
Low
Mesohaline 23.38649 0.70889 0.62714 0.04980 0.10876 0.01333
May
High
Mesohaline 11.71528 0.23132 0.06672 0.00324 0.00727 0.00053
July
Low
Mesohaline 24.14286 0.60896 0.66298 0.04297 0.12715 0.02228
July
High
Mesohaline 15.17766 0.21982 0.13499 0.00580 0.01510 0.00080
October
Low
Mesohaline 26.20000 1.58745 0.79805 0.17155 0.09730 0 . 0 2 2 0 2
October
High
Mesohaline 18.87027 0.34229 0.25088 0.01717 0.03221 0.00223
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Figure 3. Relationship between measured length (mm) and dry weight (g, flesh + shell) 
for Macoma balthica sampled in the New River Estuary, North Carolina. Samples were 
collected during March, May, July, and October 2009 in the low (LM) and high 
mesohaline (HM) salinity zones.
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Figure 4. Average density of Macoma balthica calculated from samples taken in the 
New River Estuary, North Carolina 2009. All samples were taken at 0.5m water depth in 
the low (LM) and high mesohaline (HM) salinity zones.
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Figure 5. Reported densities of Macoma balthica in the Neuse River, North Carolina
(Thompson 1998).
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Table 3. Computed densities of Macoma balthica in the New River Estuary, North 
Carolina 2009. Monthly densities were calculated by averaging data from six sampling 
sites within each salinity zone. Average 2009 density was calculated by averaging 
monthly values and used to estimate total carrying capacity for the low (LM) and high 
mesohaline (HM) salinity zones. The LM October density measurement was omitted 
from the average 2009 density calculation due to a low number observed in samples 
(n=3).
LM HM
Month Day of Year (#m-2) (#m‘2)
March 78 60 50
May 131 65 175
July 208 54 158
October 285 5 57
Average Density 
2009 (#m'2) 60 1 1 0
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Figure 6 . Measured length (mm) of Macoma balthica collected in the low mesohaline 
zone of the New River Estuary during March, May, July, and October 2009. Error bars 
represent standard error. Mean values have been offset by ten days for clarity.
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Figure 7. Measured wet weight (g, flesh + shell) of Macoma balthica collected in the 
low mesohaline zone of the New River Estuary during March, May, July, and October 
2009. Error bars represent standard error. Mean values have been offset by ten days for 
clarity.
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Figure 8 . Measured ash free dry weight (g) of Macoma balthica collected in the lo\v 
mesohaline zone of the New River Estuary during March, May, July, and October 2009. 
Error bars represent standard error. Mean values have been offset by ten days for clarity.
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Figure 9. Measured length (mm) of Macoma balthica collected in the high mesohaline 
zone of the New River Estuary during March, May, July, and October 2009. Error bars 
represent standard error. Mean values have been offset by ten days for clarity.
35
30
25
20
15
10
5
0
I
I a
50 100 150 200
Days
250 300 350
- 148-
Figure 10. Measured wet weight (g, flesh + shell) o f Macoma balthica collected in the 
high mesohaline zone of the New River Estuary during March, May, July, and October 
2009. Error bars represent standard error. Mean values have been offset by ten days for 
clarity.
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Figure 1 1 . Measured ash free dry weight (g) of Macoma balthica collected in the high 
mesohaline zone of the New River Estuary during March, May, July, and October 2009. 
Error bars represent standard error. Mean values have been offset by ten days for clarity.
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